Design study of a device to simulate the dynamic environment encountered under condi- tions of reduced or zero gravity  final report by Thayer, W. S. et al.
I
I
ER "2938
Jan. 1963
DESIGN STUDY
I
I
OF A DEVICE TO
I SIMULATE THE
DYNAMIC ENVIRON-
MENT ENCOUNTERED
UNDER CONDITIONS
OF REDUCED OR
ZERO GRAVITY
GPO PRICE $
CSFTI PRICE(S) $
Hard copy (HC)
Microfiche (M F)
ff 653 July 65
FINAL REPORT
on Contract NAS9-623
for the NASA
Manned Spacecraft Center
| z N65-32 73,?. i
! -"_FF _ 7+
I
I COCKEYSVILLE MARYLAND
https://ntrs.nasa.gov/search.jsp?R=19650023131 2020-03-17T00:55:55+00:00Z
I
l
I
l
I
I
I
4
I
I
I
I
I
I
I
l
AIRCRAFT ARMAMENTS, Inc.
DESIGN STUDY
OF A DEVICE TO SIMULATE
THE DYNAMIC ENVIRONMENT
ENCOUm_mED
U_Dm CONDrrIONSOF
REDUCED OR Z_RO GRAVITY
W. E. BAKER
A. W. CRISWELL
H. E. FINEMAN
W. S. THAYER
FINAL REPORT ON
CONTRACT NAS9-623, WITH THE
NASA _TNED SPACECRAFT CENTER
January 1963-
• _;_-29q
I
AIRCRIS_FT _I_MAMENTS, Inc.
!
t
1.
2.1
t 2.2
3.
I 3.1
3.1.1
I 3.1.2
3.2
I 4.1
4.2
I 4.34.4
4.4.1
4.4.2
4.5
4.6
5.
I t 5.1
5.2
I 5.3
' 6.
6.1
I 6.2
6.2.1|
TABLE OF CONTENTS
Introduction
Design Requirements
General Requirements
Detailed Requirements
Determination of Desired Limlrs of
Capability of Motion
Limits for Man-Support System
Upper Limits of Motion
Lower Limits of Motion
Spacecraft Support System - Upper and
Lower Limits of Motion
Determination of General Characteristics
of Device "
General
Rating Scheme
Translation System
Rotation System
General Discussion
Rating of Rotation Systems
System for Correction of Center of Gravity
Method of Support of Man
Structural Design of Simulator
General
Elements of Rotation System
Elements of Translation System
Design of Drive System
Motion Characteristics
Translational Drive System
Rigid-Body Dynamics
Page
1.01
2.01
2.01
2.02
3.01
3.o1
3.Ol
3.23
3.29
4. Ol
4.o1
4.39
4.41
4.41
4.5o
4.52
4.57
5.oi
5.Ol
5.o2
5.14
6.oi
6.01
6,05
6.05
i V
6.2.2
6.2.3
6.3
6.3.1
6.3.2
6.3.3
7.
7.1
7.1.1
7.1.2
7.1.3
7.1.4
7.2
7.2.1
7.2.2
7.2.3
8.
8.1
8.2
8.2.1
8.2.2
8.2.3
8.2.4
8.2.5
8.2.6
TABLE OF COI_fENTS (continued)
Torque and Power Requirements
Drive System Description
Rotational Drive System
Gimbal System Kinematics
Torque and Power Requirements
Description of Drive Systems
Sensing and Control of Motion
Sensing System
Input Sensing
Output Sensing
Sensing Shift in Center of Gravity
Sensing Change in the Astronaut's Mass
Moment of Inertia
Miscellaneous Sensing
General Conclusions and Remarks on
In strumentatlon
Control of Motion
Translational System
Rotational System
Center of Gravity Correctional Control
Computer System
General
Computer System Functions
External Drive Mode
Drive from Internal Signals
Moment of Inertia Variation
Avoidance of Fixed Objects
Motion of Gimbal Arms
Calibration
vi
Page
6.o6
6.13
6.26
6.26
6.9
6.50
7.01
7.oz
7.01
7.02
7.05
7.24
7.26
7.27
7.28
7.28
7.38
7.45
8.o1
8.01
8.0l
8.02
8.02
8.0"2
8.o3
8.04
8.04
i
I
I
!
i
!
I
I
!
!
|
!
|
i
I
!
AIRCRAFT ARMAMENTS, Inc.
!
|
I
!
!
t
#
|
|
|
!
|
|
|
8.2.7
8.2.8
8.3
8.3.1
8.3.2
8.3.3
8.3.4
8.3.5
8.4
9.
9.1
9.2
9.3
9.4
lO.
ii.
ii.i
11.2
11.3
ii.4
11.4.1
11.4.2
11.4.3
TABLE OF CONTENTS (continued)
Safety Considerations
Miscellaneous Computations
Computer Selection
Analog Coml_Iter
Hybrid System
Digital Computer
Outline of Possible Computer Complex
Test and Checkout Considerations
Conclusions
Safety Considerations
General
Method of Pro_g Soft Stop
Fail- safe Considerations
Emergency Safety Devices
Building Design
Discussion and Conclusions
General Conclusions
Mission Capabilities
Limitations on Device, and Necessary
Compromises on Design Requirements
Recommendations for Further Work
General
Work to be Accomplished Before Detailed
Design
Work to be Accomplished During Detailed
Design
Development Concepts
References
Appendix A
Appendix B
Appendix C
Appendix D
Page
8.04
8.O5
8.05
8.06
8.07
8.o7
8.12
8.16
8.17
9.oi
9.oi
9.ol
9.o3
9.04
i0 •Ol
11.01
ii. Ol
ii.01
11.02
11.05
11.05
11.05
11.09
ii.i0
12.01
AI
BI
Cl
D1
| vii
C)
[_
J_
[_
J_
I-q
I
'I
\
\
\
m
|I
I
I
|
|
|
I
|
S
|
|
|
|
|
|
I
_IIRCR_FT .'IRMA, MENTS_ Inc.
ACKNOWLEDGE_ERTS
The authors wish to acknowledge the direction of _ssrs.
H. I. Johnson, A. Assadourian and R. E. Drexel of the National
Aeronautics Space Administration, Manned Spacecraft Center in all
phases of this design study.
Personnel of the 6570th Aerospace Medical Research
Laboratories, Wright-Patterson Air Force Base, Ohio, were extremely
cooperative in furnishing u_ with data which they had generated on
effects of weightlessness on humans, and in allowing AAI engineers
to participate in weightless trajectory flights. In particular,
we gratefully acknowledge the assistance of Dr. D. F. Kasten,
Captain J. C. Simons, and Captain D. D. Mueller.
So many AAI personnel contributed to various parts of the
design study that we cannot list all of these individuals by name.
Those who contributed in large measure include L. M. McClernan, who
assisted in planning and conduct of human biokinetics experiments and
in reporting the results of these tests; R. J. Malchodi and K. S. Nevin,
who ccuceived several of the general configurations discussed in
Section 4 and aided in evaluating these concepts; and A. G. Patterson
who coded and solved the equations for kinematics of the gimbal system.
Although the four authors wrote the majority of this report, R. G.
Sanford contributed substantially to Section 5_ R. R. Mills, Jr. wrote
the portion of Section 6 which describes the Kinematics of the gimbal
system, R. L. Edwards, Jr. wrote the majority of Section 8, J. E.
Montalbano contributed section on building design, and W. D. Mayo
contributed the majority of the art work.
_v
A consultant, G. V. Woodley frcm Alexander Kusko, Inc.,
contributed heavily to the design of the drive and sensing systems, and
assisted in evaluating computer requirements.
We also gratefully acknowledge the assistance of the Towson
branch of the Baltimore YM_A in studies of motion of trampolinists and
divers, and in particular to Mr. Vernon Sevier of the YM_A staff and
Messrs. John _rton and Robert Gray of the diving team_ for acting as
subjects.
x
I
I
l
I
I
I
I
l
I
I
III'
i
I
I
I
l
!
l
B
D
!
0
D
t
D
|
I
t
O
|
B
|
O
PREFACE
AIRCRAFT ARMAMENTS, Inc.
S
In his book, Peter Graves, William Pene du Bois describes a
remarkable alloy known as Furloy which is repelled, rather than
attracted by gravity. The inventor of Furloy uses it to perform
a number of magical tricks by attaching small portions to a leather
harness, which Peter Graves wears, and rendering him nearly weightless.
H. G. Wells also has one of his fictional characters invent such a
material and employ it in construction of a sphere which he uses
to travel to the moon. Further, any current, self-respecting author
of science fiction automatically assumes that anti-gravity devices
exist, add uses these devices to eliminate such mundane machines as
large booster rockets.
Although we can read and enjoy light works of fiction such
as those described above, and perhaps dream of devices which defy
gravity, we are faced in our current space programs with the necessity
for building very complex and powerful machines to struggle free frum
the earth's gravity. Even in our attempts to simulate on the face
of the earth some of the effects of zero gravity, we must resort to
complex, sensitive and powerful machines-- and even then be satisfied
with only partial simulation of these effects. Such a machine, for
simulation of the dynamic environment of reduced or zero gravity on
a man or spacecraft with no simulation of the attendant physiological
effects, is the subject of this report.
xi
I i. INTRODUCTION
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This report presents the results of a design study of a
device for simulating the dynamic environment encountered by a man or
spacecraft under conditions of reduced or zero gravity. The study
has been performed by AAI for the Manned Spacecraft Center of the
National Aeronautics and Space Adminlstratic_ (NASA) under Contract
t
i
J
9-623.
Tn Section 2 of this report, we will discuss the design
requirements which have been outlined _n the Statement of Work for
the contract, and in subsequent discussions with NASA personnel. We
will then present in detail the results of various phases of our efforts
to satisfy these design requirements.
One of the design requirements is that we determine desired
t
I
t
upper and lower limits of capabilities of motion of the device. These
limits were established by an extensive literature search, and by a
limited experimental program which we undertook to obtain data on
upper limits of motion capabilities of humans while weightless. The
results of this part of the study are presented in Section 3.
I
e
i
Concurrent with the determination of desired limits of motion,
we considered a number of possible general configurations for the
motion slmulator, methods for achieving translation and rotation,
means of correcting for change in center of gravity of a man, and
methods of supporting a man in the device. Rating criteria were devised
I
to allow us to evaluate the concepts which we generated, and applied
to the systems for achieving translation and rotation of the payload.
I 1.01
From this part of the study, described in Section 4, we obtained two
possible basic configurations for the device which we felt warranted
more detailed consideration.
After choice of two possible general conf_ticns of the
device, we conducted a par_lel preliminary structural design and
vibration analysis of these two concepts so that we could obtain
rough estimates of the masses and mass moments of inertia of various
parts of the system. These analyses, give_ in Section 5, indicated
that the system was stiffness-controlled, with structural design being
governed by the vibration analysis,and also demonstrated inherent
limitations on size of the simulator. The masses and moments of inertia
generated by these analyses were then used, together with maximum
accelerations and velocities from Section 3, to estimate drive power
and prescribe design of the drive system. The details of design of the
drive system, including discussion of the dynamics of the simulator
which affects drive tarques and power, and selection of type of drive
and system components, are presented in Section 6.
One of the most difficult problems associated with the proposed
motion sina_latcr is sensing and control of aoticn. We started this phase
of the study immediately after contract award, and continued it throughout
the contract. Our proposed designs for the sensing a_i control
systen_ are discussed in Section 7, together with inherent limitations
on these systems.
In section 8, we discuss programainK of operation of the
device in its various possible modes of motion from signals generated
1.02
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by the sensing system or from external signals. We also delineate
the requirements for the c_puter which the simulator will require,
indicating its function and recc_mending suitable basic ccmrputers
and associated equipment.
Safety considerations will be described in Section 9.
These include methods of progran_ing controlled stops of the device,
various inherent safety features which can be built into the design,
and emergency safety devices. A conceptual design of the building
which encloses the simulator is presented in Section i0.
We present in Section ii the conclusions which we have
drawn fr_n the design study, and a general discussion of the device.
We will describe here some possible mission profiles_ and will
discuss expected i_mitations to use of the simulator and necessary
compromises on the design requirements. We will include some
discussion on simpler _:d less expensive concepts for the simulator
which could have been employed if we could have relaxed s_ne of the
design requirements which were deemed "essential." This section
will conclude with some discussion of design areas which should be
emphasized if detailed design of the simulator is undertaken. The
body of the report is completed by references in Section 12.
Analyses, descriptions of the experiments performed in
conjunction with the contract, and other work performed on the contract
which is too detailed for inclusion in the body of the report are
presented in various appendices, as noted in the Table of Contents.
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In this section we will delineate the requirements for the
design study of the motion simulator as outlined in the Statement of
Work for Contract NAS 9-623, and as modified during subsequent
discussicas with NASA personnel.
2.1 General Requirements
t
i
1
I
t
I
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The work reported here is to constitute a design study,
supported by conceptual drawings and conceptual models, of a device
for simulating the dynamic environment encountered under reduced or
zero gravity fields. The device must be capable of simulating motion
of a man in space, and of mock-up space vehicles, in a variety of
reduced or zero gravity situations. For a man in space, the device
is to be used to evaluate proposed extra-vehicular locomotion systems
and to provide training in maneuvering while weightless. For a
spacecraft3 the device is to be used to provide training in spacecraft
docking operations, in the final phases of lunar and planetary touchdowns,
in lunar takeoff, and in rendezvous with psrent vehicles.
An important limitation on the capabilities of the device is
I
|
that it need not simulate the physiological effects of reduced or zero
gravity on a man. It is intended to simulate only the motions which
would occur in such gravity fields.
Other general requirements are that the description of
all primary components and support equipment for the device will be
included in the design study, and that the study should be completed
in six months.
2.01
I2.2 Detailed Requirements
The device is to have complete freedem of motion in all six
rigid body modes of motion_ with translation limited only by the overall
size limitation of i00 feet by i00 feet by 200 feet. Neither lower nor
I
t
I
upper limits on angular and linear acceleration and velocity are specified
numerically, but instead are to be determined during the design study.
The lower limits of motion for the man-support system are to be about
one-half the threshold of perception of a man. The only specifications
given for the enclosing buildin6 are that it must be lightproof, painted
1
t
i
flat black on the interior surfaces, and shall contain a simplejfixedj
celestial display.
Because the device is to be used both for training of a man
in space and for motion simulation of mock-up spacecraft, two inter-
changeable support systems are specified° In each system 3 a clear
unobstructed field of view i8 re_re_l for 1800 ill both vertical and
horizontal directions. It is also desired that the floor of the
I
I)
I
I
simulator building be clear 3 and that consideration be given in the
design study to adding a second driven body at a later date. In the
\
system designed to support a _an, an additional requirement is that the
man be free to perform tasks in a sinn_lated space environment. For both
st_t systems, the device should have very low thresholds of motio_
i
!
I
for rutation and translation; i.e., should move with application of
small external forces or torques_ or for small control signals. A
further requirement is that center of gravity shift should have negligible
effect on the operation and performance of the device.
I
i
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The Statement of Work also notes that, for the man-in-space
mode of motion, possibilities of "rigid" support with all motions
through space servo controlled, "free" support, or any combination
thereof should be investigated. The advantages and disadvantages
of each of these methods should be listed.
The study shall determine all instrumentation required,
computer input equipment, and type of computer to operate the device.
A standard computer shall be used, if possible. The computer must
also simulate emergency situations which would occur during the
missions which the device will simulate.
Various methods of driving the device are to be investigated.
If servo systems are chosen, the type of servo drive must be determined.
For each servo drive proposed, a threshold for smooth operation must
be determined° If the device is to incorporate a free support system,
methods of obtaining the lowest possible friction must be investigated.
The cc_patibility of the drive system with the control system should
also be investigated.
Throughout the design, methods of insuring safety of
personnel must be given prime consideration. It is desired that the
device include an emergency manual override, which can be applied
by either the test subject or by an external operatQr.
Additional requirements are that motion of the device can
be programmed either from measurements of forces generated by the
payload, or from control signals initiated by the astronaut trainees,
or from external drive signals. The device must also include means
2.03
|far transmitting power and numerous electrical signals to the payload.
Our discussion of the design requirements will close with
description of two limitations of the motic_ simulator which have been
imposed by NASA _ersonnel during liaison meetings on the contract. First,
the astronaut undergoing training in the device in the man-support mode
will always wear a real or simulated space suit, and will therefore, be
limited in his freedom of motion by the restraints inherent in such
suits. Second, the mock-up spacecraft employed in the spacecraft modes
of motion will not simulate the actual mass or mass moments of inertia
of a real spacecrai_, but will instead be much lighter and less ccmplex.
2.o4
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3, DETERMINATION OF IESIRED LIMITS OF CAPABILITY OF MOTION
3.1 Limits for Man-Support System
3-I.i Upper Limits of Motion
To establish the upper limits of linear and rotational motion
for the slmmlator the following areas must be considered:
(a) Capability of humans to accelerate uslug muscle power.
(b) _otion capability of human using individual power unit.
(c) Human tolerance to acceleration.
(d) Capability of simulator drive motors to accelerate
the moving structure.
The first three items will be discussed in this section.
Item (d) will be discussed in Section 6.
3.l ol.1 To provide adequate simulation, the capability of humans
to accelerate using their own muscle power must be known. We had
expected that such data would already have been obtained for a
number of human subjects and could merely be summarized from current
references. We were quite surprised to discover, after a thorough
search of the literature, that almost no such data existed. A
number of areas were investigated in hopes that force measurements
had been recorded either during weightlessness or under conditions
that were dynamically similar to weightlessness.
The only information on force measurements while weightless
listed in the ASTIA Technical Abstract Bulletins was that published
by the Aeronautical Syste_ Division; Air Research and Development
Command, Wright-Patterson Air Force Base, Ohio. Several of these
3.01
reports were obtained from ASTIA. In addition, information and
additional relx_ts were obtained during a visit to the Aerospace Medical
Laboratories at Wright-Patterson Air Force Base, Ohio.
Two study programs at ASD were of interest. One continuing
program uses C-131 and KC-135 aircraft flying parabolic trajectories to
create periods of weightlessness of up to 30 seconds. Many zero-gravity
experimental programs have been completed using these aircraft, but no
information has been obtained concerning human force capabilities, i*
The other ASD program of interest used an air-bearing supported
scooter to achieve two dimensional freed_n of motion. In me experiment,
_olet and. Rievley 2 measured the amount of torque that a man seated
on the scooter could apply to a handle. In another experiment, the
impulse that could be manually applied to a plun@er by a man seated
on the scooter was accurately measured. 3 Other general discussions of
portions of the ASD program are reported in references four through six.
Batterson, et al 7, conducted at the Douglas Aircraft Company
a series of tests to determine the force-producing capabilities of humans
under sinn_lated reduced gravity conditions. Using helium filled balloons
to provide lift approximately equal to 5/6 of the subjects' weight, they
measured maximma push, pull, and torque forces. Since the subjects were
never exactly tractionless, the conclusions reflect primarily that force
capability is reduced proportionately with reduction in normal force
* Superscript numbers denote references in Secti_ 12.
3.02
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between the man and the floor. These investigators made no attempt
to record time histories of forces.
An article in Advanced M_nagement Magazine gives a detailed
account of recorded force-tlme hlstories of workers performing
industrial tasks .8 Piezo-electrlc crystal sensing elements were used
under a triangular platform to record the three components of force
on the platform. This apparatus senses and records quite accurately
the time histories of forces on the platform. It appears that this
device has been limited to industrial time and motion studies, however.
Several physical education texts report motion studies of
athletes 9,10 Here, as in the instance above, measurements were made
to determine the most efficient method of performing certain tasks.
Although measurements had been recorded, there were no data =v_ilable
that simulated weightlessness.
In addition to surveying the literature, we also obtained
and studied several motion pictures of athletes and dancers as possible
sources of motion information. One film on springboard diving provided
considerable qualitative information on ability of a human to change
rates and sense of angular motion. Because we could not determine
the framing rate at which the action had been photographed, we could
not measure angular velocities frQm this film. However, we did
determine that films taken at a known framing rate should be good
sources of data on motion capabilities of humans.
Literature searches were also conducted at our company library,
the Johns Hopkins University Library, the Welch Medical Library, and
3.03
1the Enoch Pratt Free Library, but no additional pertinent infc_naticn
was obtained.
To obtain the necessary information concerning characteristics
of the farces that a man can achieve under his own muscle power while
weightless, a limited experimental program was developed. We have
achieved this lalrpose by two kinds of experiments: (1) moticu picture
photography at known framing rates of a trained diver and a trained
trampolinist, and (2) measurements of the time histartes of force which
men can apply to a rigid wall while standing, seated ur supine cn a
horizontal tractionless platform, and cuncurrent measurements of
acceleration and velocity.
Analysis of the motion pictures, (I) above revealed the
following:
Diver
M_xinn_n Rates of Rotation, revolutions per second
Pitch Forward - 1.73 (Tuck position)
_tch Back_r_ - 1.55 (Tuckpos±t±on)
Trampolinist
Maxinnnn Rates of Rotation, revolutions per second
Roll - .6_0
Yaw - .840
M_-_.-w. Time to Change Body Positions, seconds
Vertical, standing to tuck to standing - .61 seconds
Horlzontal,layout to tuck to layout - .59 seconds
3.O4
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The equipment required to record the force-time histories,
(2) above, consisted of the following:
(a) Extremely low friction alr-bearing supported pallet
riding on a smooth aluminum plate for the simulatlea, in one plane,
of the tractionless aspect of zero-gravlty.
(b) Force-measuring platform for the measurement of forces
exerted by the test subject.
(c) Accelercmeters to measure the acceleration of the
center of mass of the subject.
(d) Amplifiers and chart recorders for readout of the forces
and accelerations measured by the appropriate sensors.
(e) Motion picture camera for filming the trajectory of
the test subject, thereby providing an independent source of motion
data°
(f) Precautionary safety devices for protection of the
test subject frum injury due to his lack of traction.
(g) Weighing scale for determining the weight (and hence
the mass) of the test subject.
The physical arrangement of some of this equipment can be
seen in Figure i. The air-bearing pallet, the aluminum surface plate,
the force-measurlng platform, and the safety harness are all visible
in this figure. A more detailed description of the test equipment
is included in Appendix A.
Test Procedure
Tests were run using six engineers as subjects. A brief
3.05
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FIGURE 1 
OL'EFQ41.1 VIEW OF TEST ARRkSGENESTS 
3.07 
st_mry of anthropumetric data is shown in below in tabular form:
SUBJECT
A.C°
L.M.
H.F.
W.B.
W.T.
C.H.
6-0
5-zo
6-2
5-1o
5-1o
6-4
WE_Dnm
(Pounds)
165
177
188
189
19o
265
AGE
(Years)
26
3O
21
S8
26
45
The mean weight is 196 pounds and the mean height is 6' 0".
D
I
I
l
I
I
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Since we were intereste_ in determining maY_m,m, force capability, no
test subjects in the lower weight range were used.
Tests were run in two different modes which we shall refer
to as static and tractionless. In the static mode, the subject could
not move away from the wall when force was exerted. In the tractionless
mode, the subject was free to move in reaction to forces exerted on the
wall.
Preliminary tests indicated that the maximum forces could be
exerted either by standing and pushi_ with two hands or by lying
supine and pushing with the feet. To obtain the maximum values,
we concentrated un the standing and supine test positions.
In the standing positionj the subject stands erect and places
his hands on the force measuring platform at shoulder height and
approximately shoulder width apart. The feet are six to twelve
inches back from the vertical plane of the force table. In the static
3,08
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tests, the position of the subject's feet does not change whereas
in the tractionless mode, the air-bearing pallet on which the subject
is standing slides backward at the o_set of applied force.
For the supine tests, the subject lay on his back on the air-
bearing pallet and pushed against the force-measuring platform with his
feet. The feet were placed on the platform with the heels about twelve
inches above the support plate at a comfortable distance apart. The
arms were extended at the sides and the fingers were curled over the
edge of the air-bearing pallet to maintain position on the pallet
during the test. The legs were bent at the knees to about 90 degrees.
The subject selected the leg position that he felt would give him the
maximum output.
Operationally, the tests were carried out in the following
manner. The person controlling the electronic recording equipment
directed the actions of the subject and other experimenters. The
subject was instructed in the test procedure and given two ccmmaudso
On the preparatory command, "ready," recorders and motion picture
camera were started. On the cc_m_and, '_xlsh" the subject pushed himself
away fr_n the wall as fast as possible. Two experimenters were
stationed at the far end of the support plate to decelerate and stop
the subject=
For the motion pictures, a backdrop screen was used behind
the subject. This is shown in Figure 1. The screen had markings at
one foot intervals, and also displayed the number of the test run.
3.09
IEach subject was weighed on a platform balance prior to each
series of tests. Weights of appurtenances such as protective headgear
and parachute harness were also recorded.
Data Reduction
Analysis of Force and Acceleration Traces
For all static tests we were interested merely in measuring
the maximum force produced. This was acc_plished by reading by eye
the maximum amplitude of the force trace and c_paring this amplitude
with static calibration of the force table.
In the analysis of the tractionless tests, the following
parameters were measured directly from the force traces:
(a) Peak Force - pounds
Measured from zero to the top of the highest peak.
(b) Force Duration - seconds
Elapsed time from force application to termination_
measured directly fr_ the force trace using the known rate of travel
of the recording tape.
(c) Farce Onset Time - seconds
Elapsed time from initial force applicati_ to point
where the first major force peak is attained, measured in the same
manner as (b).
(d) Area under Ferce-Time Curve - square inches.
The total area under the farce trace from force
application to termination, measured with the planimeter.
3. IO
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The velocity attained by the subject, as a result of
impulse applied to the force measuring platform, was ccmputed using
the area under the Force-Time curve. Imlmlse, (poured-seconds) equals
the Force-Time Area (square inches) multiplied by a scale factor
(pound seconds per square inch). The scale factc_ includes the
sensitivity calibration of the force measuring platform and the rate
at which the recording tape passes through the recorder.
A = Area under Force-Time Curve (square inches)
Sf = Scale Factor (pound seconds per square inch)
I = Impulse (pound-secoads)
I=ASf
Velocity equals impulse divided by the total mass of both
the subject and the air-bearing supported pallet.
V = Velocity (feet per second)
M = Mass (pound-seconds squared per foot)
V=I
M
The peak acceleration in g was measured frcm the accelerameter
trace for each tractlonless test.
Film Analysis
Films made of the tractionless tests were analyzed using a
time-and-motion-study projector to determine the velocity attained
by the subject. Velocity equals the distance traveled divided by the
time. Since the films were made at a constant rate of 64 frames per
second, each frame represents 1/64 of a seccnd. The background,
3.11
|marked at one foot intervals, provided a distance s_e. Velocity was
then easily determined by counting the number of frames required for the
subject to move a measured distance.
Results
Static Mode
The range of results of the static tests are shown below
in tabular form:
Peak Force, Pounds
Position Mean Low
Standing
Supine
E_h
202
.582
55
291
The subjects were instructed to al_ly force until they had
reached the limit of their ability and then release. In the static
tests, time is not a factor.
Tractionless Mode
The results from the force and accelsratinn measurements d_ring
the tractionless tests are shown below:
Peak Force, Force Duration,
Seconds
Position High Mean Low High Mean Low
Stan_
Supine
zo6 126 89
393 232- 113
1.O0 •54 .30
.45 .34 .20
|
I
I
|
I
I
I
I
I
I
I
I
I
I
3.12
I
|
I
II
!1
!1
i
Ii
i
1
I
i
I
I
I
I
I
I
II
AIRCRAFT _RM_MENTS, ]Inc.
Force Onset Time, Peak Acceleration,
Seconds g
Starglng .6O .28 .05 i.26 •87 .48
Supine .40 .25 .03 3.31 2.25 1.22
Impulse Velocity,
Pound - Seconds Feet Per Sec.
Position i_,_!! ; ;_ _,ow i{ii_ih !!_;
Standing 68.9 42.9 26.4 7.67 6.ii 3.95
Supine 83.3 55.3 33.6 ii. 17 8.45 5.13
The tractionless tests revealed that subjects in the Supine
position produced higher peak force, acceleration, impulse, and
velocity while the same subjects in the standing position produced
longer force onset time and force duration.
The wide ram6e of results can be attributed to several
experimental variables. Although the subject was instructed to strive
for maximum output on each run, the sensitivity of the alr-bearing
pallet to motion frequently caused subject to move away from the wall
faster than expected. When this happened, the subject was sumewhat
off balance and did not reach his maximum force capability. Throughout
the testing, all runs were tabulated except those few exceptions
where the subject fell while still in contact with the force measuring
platform.
To prevent, uncontrolled rotation, it is necessary for the
vector of applied force to be directed through the subject's center of
3-13
|mass. When the subject sensed the onset of rotati_, a conscious
correction effort was made to maintain translation without rotatiou.
This detracted fr_ the total force output and in s_e instances caused
a m_nentary loss of the subject's ccufidence which consequently caused
a lower force output.
This is a dynamic test of physical coordination and strength.
The subjects with better coordination had a narrow range of values,
and the subjects with superior coordination and strength had consistently
higher results.
The velocity information obtained fr_a the motion picture
analyses averaged 8_ higher than similar information cool, ted from
the force-time histories. Considering the inherent experim_utal
error, this is a high degree of verification. Additional information
on motion characteristics was obtained fr_a frame-by-fram_ analysis
of the films.
The results of these experiments are discussed in mare detail
in Appendix B.
Two AAI en@ineers perticipated in weightless flights on the
CI31-B Aircraft at ASD, Wright-Patterson Air Force Base. In
conversaticns following the flights, it was learned that our velocity
measurements, made in the tractionless state, closely matched velocity
measurements informally taken aboard the CI31-B during weightlessness.
To determine the upper limit of translational velocity
for the dynamic simulator, it is necessary to match our data to the
physically superior astronaut population. Although we can only estimate
3.1_
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here, a 33_ increase is quite reasonable for this purpose.
the maximum recorded value of ll.17 feet per second by a factor of
33% results in a velocity of 15 feet per second for a design upper
limit.
To determine the design upper limit for linear acceleration
several criteria are available. Instantaneous acceleration was
recorded experimentally and can also be computed from the ratio of
applied force to the total moving mass. Average acceleration can
be computed from the ratio of velocity to the time required to attain
that velocity.
Considering instantaneous acceleration first, the highest
peak acceleration recorded was 3.31 g. However, upon close
examination of the acceler0meter traces it is evident that during
periods of peak acceleration the accelercmeter was subjected to a
high frequency oscillation. This is probably caused by a
combination of experimental variables including body tremors and
slight drag of the air bearing on the plate. For design limits
it will be more accurate to use average values of peak acceleration
rather than the values of the spiked peaks of high frequency
oscillation. This average value of recorded peak acceleration is
1.Sg°
By computing instantaneous acceleration equal to peak
force divided by the total moving mass, the greatest ratio for any of
our tests produced a peak acceleration of 1.42 g. This resulted from
a peak force output of 393 pounds applied by a subject with a total
Increasing
3.15
|wei@ht of 280 pounds. This corresponds very well to the recorded
value of 1.5 g in the preceding paragraph.
The highest avera6e acceleration was 1.21 g. This is equal
to a velocity of 9.78 feet per secured divided by a duration of .25 seconds.
As une would expect, the average value is sumewhat below the instautsneous
peak values.
Using the maximum instantaneous acceleration of 1.5 g and
upgrading by the factor of 33_ we have a design value of 2 g. Similarly,
by upgrading the average acceleration by 33_ we have a design value
for average acceleration of 1.6 g.
3.1.1.2 Man Using Extra-Vehicular Motion System
To evaluate,at this time,all the possible extra-vehicular
motiom systems that will be developed during the life of the
propcmed dynamic simulator, would be quite impossible. On the other
hand, it is quite desirable that the proposed dynamic simulator have
the capability of testing and evaluating any of the individual
propulsiom and stabilization units that could be designed and built.
We can, with more assurance, determine human tolerance to
acceleration. Although much additional isfcrmaticm is still required
on acceleration tolerance limitaticms s much lnfonmation is now available
end we can ass_ that human tolerance levels will not change
appreciably in the foreseeable future. Similarly, in individual
propulsiom unit design, while operating ranges will always be well
below tolerance limits, the upper limit of design will never be greater
than the human acceleraticu tolerance limit. Therefore we will assume
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that the tolerance limitations given in the following section will
govern upper limits of motion of a man using an extra-vehicular motion
device.
3.1.1.3 Human Tolerance to Acceleratioa
In establishimg the limits of human tolerance to
acceleration for design criteria, we are confronted with combinations
of linear and angular accelerations acting simultaneously. This
combination vastly complicates the task of establishing design limits.
Information exists on tolerance to linear motion alone and to angular
motion alone, but we have not been able to obtain specific data on
combined linear and singular motion tolerance. Although it will be
possible for the dynamic simulator to be used in a restricted mode
of motion as a linear translational device with the rotaticaal
mechamisms held fixed, or as a rotatiomal device with the
translational mechanisms held fixed, its primary operation for
nearly all possible missions will be to provide com_ime_ linear
and angular motion simultaneously. In the following section, we
will discuss the information currently available on human tolerance
to the various types of accelerations as applied to the dynamic
simulator.
Linear acceleration tolerance varies with duration and the
direction of the axis of motion with respect to the body. Acceleration
tolerance limits are shown graphically in Figure 2 for the various
body positions (see Reference 15). If the direction of acceleration
3.17
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Dr. Oraybiel further suggests that, with c_bined vibration and linear
acceleration, the tolerance could be as low as 5 r_a.
To simulate the normal motion of an orbital wormer the
rotation required of the simulator will be very small. However, in
other types of missions such as training in tumble recovery techniques,
it will be desirable to have the capability of higher rotation rates.
To cover this possibility we have selected 40 _ as a design upper
limit. Rotation rates above 5 to I0 rpm must be approached carefully
on an experimental basis at first to determine the effects of linear
acceleration and inherent structural vibrat_. To prevent injury
to the subject, the simulator must have the capability of being
controlled at the lower variable limit. It is conceivable that the
first subjects would be tested at 5 rpm, and if they functioned
satisfactorily, then the limit could be increased slightly and
the subject retested until a practical limit was established. The
support harness that must be used to give the subject freedom of
movement will cause the acceleration tolerance to be lowered
considerably due to the method of support. Q-antitative information
of this type cannot be obtained on a theoretical basis. Actual
testing is required after the dynamic simulator has been constructed.
With a distance of 3.5 feet from the center of rotation
to the subject's head, the centrifugal force is 2 g at 40 rpm. This
is a considerable force alone and it is increased when the force of
the earths' gravitational field is added for that part of rotation
when the subject is inverted.
3.21
ITo establish a limit for angular acceleration, both
centrifugal and tangential acceleration vectors are considered. Let
taz_ential acceleration equal aT and centrifugal acceleration equal aN.
Then
aT = rC_
And
2
aN =r_
Assume that the distance from the subject's center of rotation
to the top of his head could be equal to 3.5 feet. This allows three
feet from the subject's center of mass to the top of his head plus the
possible error of .5 feet in location of center of rotation by the c.g.
correction system.
Thus, at 40 rlxn (4.2 rad per seconds) and r equal 3.5 feet3
the centrifugal force is 2 g. If we allow 2 g for tangential accelera-
tion and r equal 3.5 feet, the allowable angular acceleration bec_nes
21 ra_ per second squared. The corresponding rise time to reach
angular velocity is 0.2 seconds. There should be no requirement
for ,_w_,,_ rise time to be less than .2 seconds.
The maxiuaun force acting on the subject will be the vectorial
summation of aT and aN or 2.8 g. Now, aT and aN, will never reach
their maximum values of 2 g concurrently. This is due to the fact that
the angular acceleration rate will decay to zero as maximum angular
velocity is reached. The same is true for deceleration. Thus, we know
that the maximum force felt by the subject as a result of rotation will
always be somewhat less than 2.8 g for these design criteria.
3.22
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In Section 3.i.i we have established the following parameters
to describe the upper limits of motion for design:
x = 0 to 200 feet (limits of travel of the structure)
x = 15 feet per second
o.
Xpeak = 64 feet per second squared = 2 g
Xaverag e = 51 feet per second squared = 1.6 g
O = 0 to infinity (no limit to continuous rotation)
@ = i_D rev per minute - 4.2 radians per second
e.
@ = 21 radians per second squared
The dynamic simulator will move the subject uniformly over
the area and should have the same motion capability in all directions
and about all axes. Thus ,the limits given above will be applicable
to the motion of the subject regardless of direction or axis.
3.1.2. Lower Limits of Motion
In establishing the lower limits of motion fc_ the dynamic
simulator we are guided by sensitivity of the human subject's
perception of motion. To present in a clear manner the value of
the various thresholds, we will first discuss the various motion
sensing elements of the human body. This general discussion will be
followed by an outline of actual values in the following order:
3.23
i I[--
(a) Linear Velocity
(b) Linear Acceleration
(c) Angular Position
(d) Angular Velocity
(e) Angular Acceleration
(f) Vibration
There are five principal sensing systems of the body which
provide proprioceptive signals to the brain. These are the semi-
circular canals, otolith organs, kinesthesis mechanisms, tactile sensors,
and visual sensors. Each will be discussed briefly as it applies to
the dynamic simulator.
The semicircular canals are sensitive to acceleration alone.
The semicircular canals of each ear are comprised of three small hollow
circular tubes which lie in mutually perpendicular planes. These three
hollow rings are connected together at the point of intersection of the
planes. The tubes contain a fluid which shifts slightly and excites
nerve endings under the forces of acceleration and deceleration. Thus,
when we discuss sensitivity to acceleration, we are actually speaking
of the lower limits of the semicircular canals.
The 0tolith organs are also part of each inner ear, and they
are sensitive to change in body position with respect to the vertical.
The otoliths are composed of two sacs, namely the utricle and saccule,
which enclose a gelatinous substance. When the position of the head
changes, the gelatinous fluid shifts due to gravity and excites nerves
which relay the degree of change to the brain. For the dynamic
3.24
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simulator, the o_ oliths determine tilt sensitivity and give the
subject information on body position. In tumbling motions, the
constantly changing c _lith signal becomes confusing to the subject
to the extent that he cannot recover his stability.
The kinesthesis mechanisms are nerve endings in the muscles
and tendons of the body which sense the relative positions of the
various members of the body with respect to adjacent members. Since
we are operating within the earth's gravitational field I all unsupported
limbs of the body will seek a neutral hanging position. This position
changes as rotation occurs. Thus, with a cc_paratively low degree
of accuracy the kinesthesis mechanisms produce signals on both body
position and motion.
The tactile sensing system is composod of nerve endings
located near the surface of the body which provide the sense of
feel. This sense of feel will give cues to the subject in the
simulator as a result of pressures on the body from the harness
support and the air through which the subject passes. This will
make the subject aware of changes in the body position. When linear
or rotational velocity is sufficiently high, the tactile sensors
will give the subject some idea of velocity. Enclosing the subject
in a pressurized suit will eliminate all tactile cues except those
from the support harness.
Visually the subject can ascertain body position and
motion status when his view is not obstructed and the lighting is
adequate. Under normal lighting conditions the subject in the dynamic
3.25
simulator should have excellent visual reference. If blackout
conditions are imposed, the subject receives no visual cues. A fixed
or moving randomcelestial display will provide limited visual reference.
The value of this type of reference decreases as the motion of the
subject increases.
3.1.2.1 Linear Velocity Threshold
Perception of constant linear velocity, regardless of the
magnitude, will be primarily visual. The accuracy of velocity
determination will depend upon the quality of the visual reference
available and the rate of angular rotation of the subject. The
characteristics of the physical and auditory vibrations of the
machinery may provide somedegree of velocity information. Due,to
the numerousvariables, absolute threshold cannot be established for
humansensitivity to linear velocity in the dynamic simulator. We
estimate that it will be on the order of 12 inches per second with
good lighting conditions.
3.1.2.2 Linear Acceleration Threshold
The threshold for sensitivity to linear acceleration is
primarily dependent upon the function of the semicircular canals. This
acceleration threshold varies inversely with the length of time that
the acceleration is present.
canal sensitivity as follows:
Vertical Motion
Horizontal Motion
Woodson16 gives values for semicircular
•13 to .39 feet per second squared
•39 to .657 feet per second squared
3.26
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The other acceleration sensing devices of the body are
less sensitive than the semicircular canals. This limited
effectiveness will be further reduced by the suit that encloses
the subject. It is concluded that the acceleratica data given
above provides an accurate range of values for the dynamic simulator.
3.1.2.3 Angular Position Threshold
Angular position can be accurately established using good
visual reference. With good lighting and visual cues such as the
corners of the building and parts of the moving structure, the
subject can be expected to be accurate to two or three degrees.
Using the otolith sensing system alone the subject cannot perceive
his position more accurately than within lO to 15 degrees. The
error increases with deviation from the vertical position.
3.1.2.4 Angular Velocity Threshold
Due to the many changes occurring in the position of the
limbs of the body resulting from angular velocity, the subject will
be provided with relatively accurate cues on this type of motion.
In addition, the visual cues will provide information depending upon
his distance from fixed reference points. Although there will be a
perception lag of 5 to iO seconds, the subject should perceive
rotation rates of 1 to 2 degrees per second.
3.1.2.5 Angular Acceleration Threshold
16
Woodson reports a threshold of 4.5 degrees per second
squared for durations of 2 seconds and a threshold of 3.7 degrees
per second squared for a 4 second duration. For durations of over 12
3.27
|seconds, the threshold is constant at about 1.5 degrees per second
squared.
3.1.2.6 Vibration Threshold
We will discuss vibration threshold as a function of amplitude
l
l
I
and frequency. The threshold for vibration is inversely proportional
to both amplitude and frequency. Ride and Vibration Data 17 gives the
following limits for perception threshold for aircraft passengers:
Single Amplitude
2 inches
.i
.04
.002
.0005
Frequency
.1 cps
.5
1.0
5.0
I0
The design vibration requirements proposed for the simulator
are discussed in Section 5. In addition to the structural damping
used, the subject in the simulator will be supported by a cushioned
harness support and suit which will increase the allowable amplitude
I
I
i
I
I
l
I
l
for perception at a given frequency.
In this section, we have established certain lower limits
of motion based on perception thresholds. As directed by the Statement
of Work, the actual design lower limits for the dynamic simulator will
be 1/2 of the perception threshold values. Both sets of values are
I
I
I
shown below:
I
I
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Linear Velocity
Linear Acceleration
Angular Position
Angular Velocity
Angular Acceleration
Vibrat ion
Perception Threshold
12 inches per sec.
•13 to .39 ft. per sec 2
2 to 3 degrees
i to 2 deg per sec.
2
1.5 deg per sec.
.0_ inches single
amplitude at i cps
Simulator Design
Lower Limit
6 inches per sec.
.06 to .19 ft per sec 2
i to i.5 degrees
•5 to i deg per sec.
2
•75 deg per sec.
.02 inches single
amplitude at 1 cps
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3.2 Spacecraft Support System - Upper and Lo_r Limits of Motion
In changing from the man-support mode to the spacecraft
support mode of operation in the simulator, it is recommended that
the ccnnection be made on the roll axis. The roll axis is the
innermost gimbal. This recommendation is based on achieving adequate
simulation in the most simplified and inexpensive manner possible,
consistent with good design practice. The advantage here is that
the structural and power units of the moving system are not changed.
The restriction is that the weight of the simulated spacecraft be
limited to approximately 600 pounds. In configuration simulation,
this weight limit should not create difficult problems. Thus, the
spacecraft can be moved at approximately the same linear and angular
rates as the subject in the man-support system.
We know that the rotational rates of the spacecraft will
be quite small when compared to the rates of the man-support system.
Thus, the upper limits of aagular motion established for the man-
3.29
Isupport system will be more than sufficient for the spacecraft support
system. For the lower limits of angular motion of the man-support
system, we have used perception threshold criteria. These criteria will
provide adequate lower limits for the subject in the spacecraft-support
mode also. Actually, by enclosing the subject in a spacecraft, his
ability to perceive motion is reduced. This increases the required lower
limit of motion. Thus, the range of angular motion required of the
spacecraft will always be within the limits established for the man-
SuplXn't system.
The fact that the spacecraft angular motion range is limited
has the advantage that the motion characteristics of any type of space-
craft can be realistically programmed for the dynamic simulator.
In linear motion for the spacecraft-support mode, we are
concerned primarily with simulation of terminal phases of a rendezvous,
docF_L_ or landing m_neuver. The principal limitation is the limit
of travel of the moving structure. The reasoning here is similar to that
far the rotational system. Linear upper limits of 15 feet per second
for velocity and 2 g for acceleration are sufficient for simulation of
the spacecraft trajectory. While we cannot nearly simulate the g loadings
of takeoff, landing or re-entry, the limits listed are believed to be
realistic when the limits of travel of the structure are considered.
Actual spacecraft motion characteristics can be accurately simulated through
the use of special lighting, variable target size, and pro_u,med space-
craft control panel instrumentation inputs. As with the angular motiun s
there is no requirement far linear motion below the threshold of perception
of the subject.
3-30
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In order to program the computer of the dynamic simulator
to simulate the motion of any given spacecraft, the physical and
operating characteristics of that spacecraft must be known. In addition,
the abbreviated capsule actually mounted on the roll axis of the
dynamic simulator must be constructed to match the cockpit confis_ration
of the spacecraft. To simulate larger spacecraft with larger crew
areas, it will be necessary to replace the existln6 gimbal structure
due to clearance limitations. We have allowed sufficient clearance
with the proposed gimbals for a two-man capsule simulati_ the
Gemini vehicle.
3-31
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4. DETERMINATION OF GENERAL CHARACTERISTICS OF DEVICE
4.1 General
In this section we will describe our procedure for determining
the general physical arrangement of the device. In the course of this
determination, we will find that many of the possible combinations of
free and rigid support for either the man or the spacecraft have been
eliminated by the design requirements, and that two general configurations
appear to be worthy of more detailed design study.
One of our primary concerns in choosing the general
configuration was that we should not overlook possible, but somewhat
exotic,methods of achieving motion of the simulator payload. Our first
step was to describe the design requirements to a number of experienced
AAI design engineers, and ask them to conceive of possible methods
of achieving the desired motion of the man or simulated spacecraft,
without regard to practicality. The various concepts which these
engineers generated were then reviewed, and those which were obviously
inccmpatlble with the design requirements were discarded. The remaining
concepts were grouped according to the methods of achieving translational
motion, and designated as basic systems. The six such systems are
described in Table 1. They are illustrated by artist's sketches in
Figures 3 through 8.
_.0!
!TABLE 1
DESCRIFfION OF BASIC SYSTEMS
Basic System No. I
Bridge crane with carriage for x and y translation, various
mechanisms for z translation, gimbals for all rotations. Vernier
displacement system for shift of center of gravity. Figure 3.
Basic System No. II
Gantry crane for x translation, moving bridge structure for
z translation, carriage for y translation, gimbals for all rotaticms.
Vernier displacement system for shift of center of gravity. Figure 4.
Basic Systen No. III
M_itiple cable system for x, y and z translation, gimbals for
all rotations. Vernier displacement system for shift of center of
gravity. Figure 5.
Basic System No. IV
Single or multiple telescoping booms, trainable in azimuth and
elevation, for x, y and z translations, gimbals for all rotations.
Vernier displacememt system for shift of center of gravity. Figure 6.
(Multiple boem system not shown).
Basic System No. V
Air-bearing supported or driven structure for x and y translation,
vertical carriage for z translation, gimbal system for all rotations.
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Vernier displacement system for shift of center of gravity. Figure 7.
Basic System No° VI
'Cherry picker" articulated bocm, center mounted in floor,
to achieve x, y and z translation, @imbal system for all rotations.
Vernier displacement system for shift of center of gravity.
4.03
Figure 8.
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FIGURE 7
BASIC SYSTEM NO.
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IThe discarded systems and reasons for discard include the
following:
i. Single, very long cable for free translation in x and y
directions (spherical pendulum), reel take-up for z translation, gimbal
system for all rotations. This system can be discarded because of sheer
size and inability to enclose such a device within a building.
2. Air-bearing sphere c_aining harness and support system
for rotational motion of man or simulated spacecraft, with any system
for achieving translational motion. The complete enclosure of the
payload required in this system would deny use of the simulator for
many of the design objectives.
3. '_arionette" (multiple cable support) for man for rotational
motion, using any system for achieving translation. This system can be
discarded because it cannot provide full freedom of rotation.
4. Balloon suspension to achieve translational freedom, gimbal
system for rotation. This system would require balloo_s of such great
volume to obtain lifting force equal to the weight of a man or a light
si_nlated spacecraft that the effect of air drag or even light air
currents would render impossible the accurate simulation of translational
motion.
The next step in determining an optinun configuration is to
describe each of the six remaining basic systems in more detail and
consider possible variants of each basic system. Each such variant
will then be designated as a single specific configuration, and will be
evaluated by a somewhat arbitrary rating scheme. Because all of the
4.16
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basic systems achieve rotation by the same method (gimbals), we _7ili
evaluate variants of this part of the simulator independently. The
variations of the six basic systems are described below.
Basic System No. 1 - Brid_e Crane and Dolly
Vertical lift could be acccmplished by:
A. Telescoping Tubes
These systems are shown in F_gure 3. Tubes cculd be
lifted by one of the following means:
l o Tubes could be designed as large-diameter hydraulic
cylinders, which would also carry bending and torsion loads. Seals
would be large in diameter and leakage might be excessive. Surface
finish required on sliding seal surfaces would be very costly. The
system would be designed to lift the load. Downward moticn could
be either hydraulically assisted, or fall by gravity.
2. A cable or cables down the center of the tube could
lift the tubes and the load. The tubes would be support structure
only. The required surface finish for the sliding fits would not be
as critical or as exqoensive as for the hydraulic seals. Down,ward
motion wculd be fall by gravity.
B. Telescoping Tubes with Additional Support
A reduction in the required tubing diameter would
result if bending and torsion loads were carried by some other support
system, and the tubes used only to lift the load
1. Guy wires could be used to brace the tube. A constant
tension cable drive system would tend to pull the load up while the
4.17
!hydraulic cylinder tended to push the load down. See figure 3.
2. The guy wires could be the positioning system to
lower or raise the load to the required height, while a telescoping
pneumatic cylinder in the center, under constant pressure, would maintain
a constant tension in the guy wires. A pneumatic cylinder would present
fewer sealing problems than a hydraulic cylinder. Also see Figure 9.
3. Fcur small diameter telescoping cylinders, separated
and cross-braced to give the required rigidity, could be used to lift
the load. This system is shown in Figure i0.
4. Four small diameter telescoping pneumatic cylinders
as above, exerting a constant force on a cable in the center could be used
to lift or position the load. The cylinders could be designed to give
•hhe required rigidity with the cable to position the load. Additional
power is required in this system as the cable must lift the load and also
overcame the force exerted by the cylinders. There is no sketch to
illustrate this system.
5. Same as 4, except that the telescoping tubes could
be the support structure and would not be pressurized. Gravity would
return the load.
C. Telescoping Structure
An open telescoping structure could be used to support the
load with the required rigidity. Guide rails with wheels or slippers
would provide the support between sectiuns. This assembly would be
cheaper to manufacture than telescoping tubing, as guide rails could be
adjusted on assembly and costly machine surface finishes would not be
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required. Lifting ability could be incorporated by one of the
following methods :
1. A small diameter hydraulic telescoping tube assembly,
Figure ii.
2. A cable, Figure 12.
3. Cc_mercially available hydraulic cylinders located
between the sections of the telescoping structure, Figure 13.
This would provide rapid rates of movement, as fluid could be appiied
to all cylinders simultaneously. This would probably provide the
most economical hydraulic system as commercially available cylinders
would be used.
4. Rack and gear drive, Figure 14.
D. Light Cable Suspension
Four very light cables, reeled in or out by drums geared
to a single drive motor, Figure 15. If cable stretch and whip do
not obviate this system, it is much simpler and lighter than amy
other vertical motion system.
Basic System No. II - Gantr_
A gantry framework extending from floor to ceiling, riding
on rails on floor and guided on rails cn ceiling, to provide translation
in x direction. Probably four motors, one on each corner, needed to
drive the gantry. One motor should be the master motor and start
motion of structure. Three remaining motors could be slaved to follow
the motion of the main drive motor. Dolly on gantry would provide
horizontal motion in y direction. Many of the lift mechanisms mentioned
4.19
Iin system No. I could be used with this configuration.
A. Vertically-Moving Cross Span
A lift mechanism possible only with this configuration has
outstan_ advantages in respect to rigidity. This is a cross-span spread
between the legs of the gantry and traveling up and down the legs. The
dolly vould travel across this cross truss.
One probable disadvantage of this configuration could be
the large mass of structure actually being moved as compared with the
steel moved in Basic System No. I. The power requirements could be
excessive. However, the building costs could be less expensive, as the
building would be required to carry comparatively little load. This
system is illustrated in Figure 4.
B. Secondary Translation System
A possible alternative to reduce required drive power would
be utilization of a system within a system; i.e., a rapid response active
or passive translation system with small motion capability (perhaps + 5 ft-)
interposed between the dolly or the cross-span and the gimbal system.
There is no sketch illustrating this system.
Basic S_stem No. III- Corner Cable Support
Four cables operated fran drums located in the extreme upper
corners of the operating space would be individually operated to suspend
the load anywhere within the ol_rating space. Cable stretch and the
involved computations necessary to determine individual cable lengths
to position the load and also to keep the load level are disadvantages
of this design.
4.20
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Basic System No. IV - Telescoping Boom
One or two telescoping booms, mounted on the floor could be
used to position the load anywhere in the building.
A. Single Boom
This system is illustrated in Figure 6. A single
telescoping boom could be mounted in the center of the working area.
An azinmth bearing would be mounted _ the floor. A yoke type support
would extend up from the azimuth bearing. An elevation trunnion
would be located on the top of the yoke. Suspended between the
elevation trunnions would be the telescoping boom. A traveling
counterweight could be used to counterbalance the extended boom and
minimize drive power requirements.
This configuration would lend itself to a cylindrical
building with a hemispherical roof. As all mechanism loads would be
on the floor the building would be designed for wind loads only. A
hemispherical shape would minimize wind loads and would be much
preferred to a box shape far incorporation of a fixed or moving
celestial display.
The yoke-shaped azimuth support would allow the load
to pass through the support so that only the portion of the buil_ing
in the immediate vicinity of the elevation trunnion would be denied
to the load.
B.
of the center of the long side of the rectangular building.
Two Boom System
A boom would be mounted on a support on either side
This
4.21
!would remove all floor obstructions in the working area. However,
the control of two booms working in unison would be difficult and would
increase computer complexity. There is no sketch illustrating this
system.
Basic System No. V - Wheeled Vehicle
A wheeled vehicle supporting an extendable or fixed vertical
lO0' tower could be used to transport and position the load anywhere
in the building. A crab-wheel system would allow the wheels to be
positioned in the cemputed resultant direction and the vehicle then driven
in that direction at the computed speed. An air bearing could be used
to minimize the driving load and distribute the floor loads over a
greater area.
Control cables would be brought to the vehicle by means of a
cable reel located on the top of the llft tower allowing a full 360 °
swivel. Achieving stability in a free moving vehicle transporting a
i0 story tall (i00 foot) lift tower could be a problem. The base of
the vehicle could be excessively large. Also, supports forward of the
payload, and consequent interference with the requirement for 180 °
forward accessibility, are unavoidable.
Basic S_stem No. VI - Fold_ Boom
This configuration is very similar to the single boom system
(IV). A cylindrical building capped with a hemisphere would again
surround the mechanism. The boom support would be mounted on the floor
in the center. The azimuth and elevation trunnions would be as previously
described. However, instead of an extendable boom, a folded boom would
4.22
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SYSTEMS IBI AND IB2 FOR VERTICAL MOTION
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be used to position the load. A traveling counterweight would minimize
driving loads.
A more complex computer would be required, as the elevation
and range are interlinked in the elevation and folded boom angles.
4.2 Rating Scheme
To evaluate the six basic systems and their variants which
we have described in the previous section, we next devised a somewhat
arbitrary rating scheme which would allow us to assess the relative
merits of the systems and assign numerical ratings. The design require-
ments and other factors which should influence choice of a system were
reviewed, and used to generate a list of rating criteria. These criteria
were then divided into two categories: i) essential requirements, which
any system must satisfy before being further considered, and 2) non-
essential but important requirements, which will be used as the basis
for numerical rating of those systems which satisfy the essential
requirements. The second category is further sub-divided into primary and
secondary requirements, with the rating for primary requirements to carry
the greater weight. Table 2 lists the criteria.
Our scheme for rating each of the systems described in
Section 4.1 is to have a number of our experienced design engineers
compare all of the systems on the basis of each of the primary and
secondary requirements in Table 2, assigning a number rating frca zero
to five for each item (larger number indicating better performance of
the system). These number ratings are then su.-aed for all of the
primary requirements and all of the secondary requirements. The final
numerical rating by each individual is then obtained by multiplying
the sum of the primary ratings by two, and adding to the sum of the
secondary ratings.
4.36
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TABLE 2
CRITERIA FOR RATING GE_/_tL
CONFIGURATIONS OF SI_GIATOR
Ie ESSm_L _QUI_n_S (_t be _)
attitude
4.
drive signals.
5.
subject°
6o
operable.
I° Ability to include fail-safe devices.
2. Ability to include mechamical safety stops.
3. Seat and harness must be able to retain man in any
(man-support syst_).
Must be able to have motion programmed from external
MAmt be able to respond to control signals from test
Does not require extensive research to make system
7. Field of view and access of man or spacecraft to
other objects in simulator building must be unobstructed for 180 °
in horizontal and vertical directions.
8. Floor must be clear.
9. System must be capable of measuring and compensating
for shift in center of gravity.
lO. System must include means of sensing all necessary
physical variables.
ll° Inclusion of manual emergency stop by external
operator must be possible.
12° System must possess capability for transmitting
power and electrical signals to payload.
II. NON-ESSENTIAL BUT IMPORTANT REQUIREMENTS
A o Primary Requirements
e
4.
5.
6.
external f_ _So
7°
external t_ _e_ 0
8o
io MAmt be able to include programmed soft stop.
2. Must include system override with maximum
acceleration and velocity limits.
Small lag in response to control signal.
Smooth o_eration.
Freedom from spurious response.
Good fidelity of linear motion in response to
Good fidelity of angular motion in response to
Ability to use standard general purpose computers _
in control systems.
9. Rapid change from one mission phase to another.
I0. Rapid changeover from man-support to spacecraft-
support system.
4°37
!11. Freedom of payload motion.
12. Low cost.
13. Ease of maintenance, low frequency of maintenance.
14. Ease of test, checkout, and calibration.
B. Secondary Requirements
le
2.
3.
4.
5.
6.
7.
man-support system.
8.
9.
over required size
I0.
Ii.
parts.
12.
13.
Ease of adding a second driven body.
Design provides rapid access to test subject.
Low lower limit of moti_ capability.
High upper limit of motion capability.
Simplicity of sensing system.
Simplicity of control system.
Simplicity (or lack) of instrumentation on man in
Simplicity of ccm_uter program.
Minimum excess size of system and surrounding building
of lO0' by lO0' by 200'.
Low drive power.
Small masses and moments of inertia of component
Celestial display easily integrated into building.
Absence of audible cues from simulator.
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4.3 Translation System
Because the syst_ns described in Sectica 4.1 differ
primarily in the manner of achieving translational motion,
application of the rating scheme of Section 4.2 allows us to choose,
or narrow the choice for, a translation system.
Eight of our designers rated the systems independently.
To avoid premature discard of a system which might have good potential
in spite of some obvious faults, we did not eliminate any systems for
failure to meet any of the essential requirements listed in Table 2.
The numerical ratings are given in Table S. The magnitudes
of these numbers have no significance in themselves, nor do the
variations in rating of each system from one individual to another--
they merely allow us to differentiate between those systems which each
reviewer feels are good and those which he feels are bad. We therefore
will be concerned only with the ranking of the average ratings for
each system_ given in the last col_n of Table S- This ranking
indicates the mean order of preference for all evaluators for all
nineteen systems.
The first seven systems in order of preference are all
.variations of Basic System No. Y, and the eighth is a variant of
Basic Systen No. If. None of the Systems III through VI ranked higher
than fifteenth. On this basis we felt Justified in discarding all
of the basic systems but I and II, and concentrating on variants of
only these two systems for more detailed study. We will also discard
Systems IB2, IB4_ and IB5 because of their low ranking. Final choice
4.39
TABLE 3
NUMERICAL RAT_ OF 'I_SLATION SYSTEMS
Ratings for Various Evaluators
S_t_
IAI
IA2
]31
]32
]33
]34
]35
ICI
IC2
It3
it4
ID
IIA
IIB
III
IVA
IVB
V
VI
a b c d e f g h
154 134 115 147 135 152 126 133
164 135 lO9 1_5 134 132 123 131
151 140 115 148 136 141 122 132
139 139 109 150 134 148 120 122
154 122 117 148 135 154 132 135
14o 121 lO6 146 134 142 132 135
15o 114 1oi 147 134 136 132 127
158 126 116 148 134 135 138 137
162 124 1o4 148 134 121 14o z3z
15o 131 126 148 134 132 14o 149
156 133 124 148 134 154 139 146
* 129 122 162 141 119 13o 127
17o 117 1o8 129 136 11].8 138 137
157 133 102 120 136 114 136 168
146 133 75 115 123 107 i_O 93
151 121 121 133 115 129 139 116
132 109 67 81 113 111 134 114 I
i147 122 121 143 134 71 155 102151 IIi 98 133 103 109 135 111
Rank
4
7
6
11
3
12
14
5
9
2
1
i0
13
8
18
15
19
16
17
137.0
134.1
135.6
132.6
137.1
132.0
13o.1
136.5
133.o
138.8
141.8
132.9
131.6
133.3
116.5
128.1
lO7.6
124.4
119.4
* Evaluator "a" did not feel qualified to Judge this system
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of the translation system will be dictated by structural design and
vibration analysis, which will determine the feasibility of achieving
the performance delineated in Section 3.
404 Rotation System
4._.1 General Discussion
Two of the essential requirements in Table 2 severely
limit the systems for achieving rotational motion. The requirement
for field of view and access to other objects in the simulator
building eliminates any system which places structural members ahead
of or below the simulator payload. The requirement that the system
be able to have its motion programmed from external drive signals
entirely eliminates fr_ rotation about any axis. We are therefore
restricted to driven, open gimbals, or variants thereof.
In all of these gimbal systems it is desirable to minimize
mass and munent of inertia of the structure. Of the possible orders
for components of rotation, the one providing the least interference
of structure with the man's freedom of motion places the roll rotation
nearest the man (column support to his back plate). Either pitch
rotation or yaw rotation could be next, but an overhead support with
yaw rotation outmost is more compatible with overhead attachment to
the translation system. We will therefore assume that any glmbal system
should be ordered, from the man outward;
1. roll
2. pitch
3. yaw
We have considered four possible variants of the glmbal
system for achieving complete freedom of rotation. The first variant,
illustrated in Figure 16, is a conventional glmbal system, with the gimbal
rings for yaw and pitch motion consisting of quarter-circles. This system
provides maximum accessibility of the man or simulated spacecraft to
objects located in the simulator building, but requires refined structural
design of the cantilevered gimbal elements to assure minimum weight and
mass moment of inertia, and it is inherently unbalanced dynamically.
The second variant, shown in Figure 17, is a conventional gimbal
system with yaw and pitch gimbals consisting of half-circle rings.
Although accessibility of the subject is less than with the first system,
structural design is simplified and dynamic balance is better.
A disadvantage of both of the two systems described above is
that rotation of the payload with constant angular velocity usually
requires motion of all gimbal elements with continuously varying
velocity. (See Section 6.1 for a more complete discussion of this
problem). We therefore devised variations on the conventional gimbal
systems which would allow the gimbal elements to index until the desired
motion is achieved by rotation of a single gimbal element at constant
velocity.
The third rotation system is therefore an indexing system
with quarter-clrcle elements for pitch and yaw motion. It is illustrated
in Figure 18. The fourth system, shown in Figure 19, is similar to
the third, but employs half-clrcle elements. Both of these systems will
require more complex control and sensing devices than the comparable
conventional systems, and will also be more massive.
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FIGURE 16
CONVENTIONAL SYSTEM WITH QUARTER RING GIMBAL
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FIGURE 17
CONVENTIONAL SYSTEM WITH HALF RING GIMBALS
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FIGURE 18
INDEXING SYSTEM WITH QUARTER RING GIMBALS
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INDEXING SYSTEM WITH HALF RING GIMBALS
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\
I4.4.2. Rating of Rotation Systems ._,
To compare the four systems described above, we employed an
abbreviated form of the rating scheme described in Section 4.2. The
primary and secondary requirements are listed in Table 4A. Six designers
then rated the four systems independently, assigning a numerical rating
from zero to five for each requirement. Total ratings were obtained
in the same manner as for the translation systems by weighting the ratings
for the primary requirements by a factor of two and then stm_ the
number for both primary and secondary items. The results of this rating
are given in Table 4B.
Both systems using conventional gimbals rated well above
the systems using indexing gimbals. The closeness of the average
ratings for the quarter-and-half-gimbal convemtioaal systems indicated
that the evaluators had no outstanding preference for either system.
Based ca the results of this rating, we decided to proceed
with preliminary design of both of the conventional gimbal systems,
and make our final choice on the basis of advantages and disadvantages
which will become more apparent during this design.
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RATING OF SYSTEMS
FOR ROTATIONAL MOTION
i. Primary Requirements
a.
b.
C.
do
e.
fo
Smoothness of operation.
Freedom from spurious respomse.
Fidelity of angular motio_ in response to external
torques.
Low cost.
Ease of maintenance.
Ease of test, check-cut and calibration
2. Secondary Requirements
ao
b.
Co
d.
e.
f.
g.
Low lower limit of motion capability.
High upper limit of motion capability.
Simplicity of sensing system.
Simplicity of control system.
Simplicity of ccmputer program.
Low drive power.
Small masses and mcment of inertia of component _rts.
B. Rating of Various Systems
Ratings for various evaluations
System Description Avg.
No. a b c d e f Rating Rank
11
2
3
4
Coaventional
Quarter-Gimbal
Conventiomal
Half_Gimbal
Indexing
Quarter-Gimbal
Indexing
Half_Gimbal
78 56 47 71 73 69
70 55 48 71 73 73
4? 5o 58 68 53 44
44 51 51 68 54 48
65.7
65.0
53.3
52.7
3
4
I
I
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I4.5 System for Correction of Center of Gravity
In a true zero-gravity environment, any rotational motion of a man
takes place about an axis through the instantaneous center of mass of the
man. Therefore, if the center of mass of the man were to shift, the axis of
rotation would also shift. When the simulator is used in the man-support
mode, it will be necessary to null any such shifts, so that the center of
mass of the man is continuously maintained at the point in space where
the axes of the three gimbals intersect. This is necessary so that the
gimbal axis, which is the axis the man actually rotates about, coincides
with the axis about which the man would rotate if he were a free body.
The shifts in the center of gravity are caused by changes in
the position of articulated limbs with respect to body-fixed axes, and
all such shifts may be resolved into components along these axes. The
change in the location of the human center of mass for various body
positions has been accurately measured by Swearingen 18 and additional
work has been done by the Naval Training Device Center at Port W_shlngton,
New York. 19
In Swearingen's experiments the subject is seated in an
instrtnnented chair and is required to keep his lower back in contact with
the back of the chair at all times. As the subject asstnnes different
positions, the distance that his center of mass moves is ccRputed from
measurements of the counterbalance required by the man-chalr system.
This is not entirely applicable to our design because the subject is
allowed to bend forward from the waist. In the harness of the dynamic
simulator, the subject's back is held against the back plate.
4.52
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i The Naval Training Device Center data are based on
calculations alone; no testing was used. This work is based on
theoretically moving the various segments of the body and then
computing the distance that the various parts move. The weight of
!
i
i
each segment is established initially. The pelvis is assumed fixed
in its normal plane, but it is allowed to move within that plane.
Because the pelvis is held rigid in the Swearingen
experiments, those data are more applicable to the dynamic simulator
design° An exception is made in the distance that the c.g. travels
below its normal position due to the restraint of the harness which
prevents the subject from leaning forward. For this position we use
the results of a more applicable position which was measured by
Swearingeno We assume that the subject in the simulator can assume
all of the other positions tested by Swearingen. These data are
shown below in tabular form_
Maximum Displacement
B
I
B
i
!
Directlon of c.g°
Translation
Down
Vertical
Forward
Backward
Horizontal Range
Side
Lateral Range
Swearingen Maximum
Displacement
11.80 inches
i0 o20
22.00
8.0
4.5
12.5
Required for the
Dynamic Simulator
11.80 inches
.88
12o68
8.0
4.5
12.5
' j.i
A rectangular space, the sides of vhich are the distance
in the above table, would encompass the envelope of the center of mass
of the astronaut in the gimbal system. It should be noted that the
above figures are for an unrestrained man, and it is likely that a man
in a full pressure suit would be unable to effect such chauges in his center
of mass, since the restraints of the suit prevent full motion of the limbs.
In order to cce_msate for the shift of center of mass, the
amount of shift along the three gimbal axes must first be sensed. This
can be achieved by measuring axial, bending, and torsional strains
at specific locations in the gimbal system. When no external forces or
torques are applied to the man, the above strains are caused only by
shifts in the center of mass so that by measuring various combinations
of these strains, a measure of the shift may be made. The outputs
of the strain gage bridges mounted on the gimbal roll arm are inputs
to a part of the control computer, which in turn translates these
signals into measurements of the amount of shift. The output of the
comber is a ccemand signal to the position servos which move the man
such that his center of mass is again at the intersection of the three
glmbal axes.
The position servos which perform the adjustment of the man's
center of mass are three ortho_ valve-controlled hydraulic cylinders
which are interposed between the man and the gimbal system. A pictorial
representation of these servos is shown in Figure 20. The cylinders are
mounted in such a way as to all_ simultaneous adjustment of all three.
An alternative mechanism, which uses the s_ basic mounting scheme,
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CENTER OF GRAVITY CORRECTION MECHANISM
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utilizes three orthogonal ball-screw actuators driven by small
electric motors. The hydraulic system should be preferable because
of faster response mini less wei@ht than the electric system.
A more detaile_ descri_ion ami drawinge of the c.g.
correction system are included in a later part of this report.
For the spacecraft-support mode, we assume that the
astronaut or astronauts within the mock-up spacecraft will be severely
confined in their motions, so that changes in c.g. of this payload
will be negligible. We therefore will not include a c.g. correction
system for this mode.
4.6 Method of Support of Man
For the man-support mode of motion of the simulator, we wish
to hold the man in the device in such a manner that he has as complete
freedom of motion as possible, that he is reasonably camfortable_ and
yet assure that he is in no danger of falling out of his support
harness in any attitude. The support harness must also allow rather
rigid attachment to the roll arm of the gimbal system, but should
not interfere with attachment of extra-vehicular locamotion systems
to the man. The man must also be capable of being placed within a
modified spacesuit, either within or outside of the support harness.
We concentrated on the design of the support harness itself
because this appeared to be the most difficult part of this problem
and because very little information was available on the size,
geometry and construction of extra-vehicular locomotion systems and
spacesuits. The camplex geometry of the support harness does not
4.57
Ilend itself to engineering design. We therefore engaged a specialist
in orthopedic appliances to construct a support harness capable of safely
supporting a man in any attitude. This harness is illustrated in
Figures Ol and 22 in position on a mannikin. It represents a compromise
between the various requirements stated above. It provides essentially
rigid support for the man's torso, with a formed aluminum alloy back plate
which partially supports his buttocks, partially encases his rib cage,
and is attached with shoulder straps to a shoulder and breast plate. The
man is held in the harness with numerous strong straps and a broad,
corset-like laced cloth support which covers his abdomen and pelvis and
attaches to the sides of the back plate. All of the metal parts of the
harness are padded with sponge rubber. A small headrest is attached
to the back plate to support the man's head while he is an his back.
From the two strong ribs which are attached to the back plate (Figure 22),
attachments can be made to the c.g. correction system in the simulator.
The harness which we have described above has certain limitations
which could undoubtedly be improved in another design. The rigid design
of the back plate allows insufficient adjustment to accommodate test
subjects of a variety of sizes and shapes. Although it does allow nearly
complete freed_a of motion of the arms, the legs are somewhat restricted
in motion capability. However, we believe the basic design is sound and
that a harness derived from this concept will prove adequate.
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5o STRUCTURAL DESIGN OF SIMULATOR
5oi General
One of the principal problems which arises in the design of
a dynamic simulator is the availability of a suitable drive system.
In turn, the requirements of the drive system are directly related to
certain physical characteristics of the simulator, primarily the mass
and moments of inertia of parts of the moving structure. For this
reason_ every aspect of the design of the moving structure should
be accurately determined to insure that the chosen physical characteristics
are compatible with the drive and control systems. While a design based
on low drive power indicates that a premium should be placed on a
lightweight, low inertia structure, these features must be tempered by
the necessity _o produce at the same time a structure having a
relatively high natural frequency of vibration. The lowest natural
frequency of the entire simulator structure or any of its structural
parts should lie well above the highest forcing frequency of the control
and drive system to assure reasonable accuracy of response. Usually,
large structures such as those encountered in this simulator will be
designed to achieve a specified structural strength. However, a few
preliminary calculations of vibration frequencies of portions of the
structure for either of the two basic systems sufficed to demonstrate
z
that the design is stiffness-controlled, i.e., that a structure having
adequate natural frequency will be considerably over strength.
Based on these requirements the approach used to investigate
the simulator structure was to determine a structure stiff enough to
5. Ol
meet frequency requirements and yet low enough in mass and moment of
inertia to be driven by an available drive system. Because we wish the
vibration frequency of the simulator to lie above some minimum value,
we are primarily interested in determining the fundamental frequencies
of the various components of the structure. Two design goals were
chosen: iO cps and 15 cps.*
Because the structures are complex, we employed various ap-
proximate methods to estimate fundamental frequencies of structural
components. Frequencies of various elements of the gimbal system were
combined to obtain an overall estimate for this portion of the structure 3
but no such combination was attempted for elements of the translation
system. We merely attempted to obtain design frequencies for individual
elements. However, we employed conservative assumptions f_xroughout our
analysis and feel that these frequencies are lower limits for their
design weights, or conversely, that appreciably lower structural weights
could be achieved for the same frequencies. The results obtained are
therefore upper limits of size and weight of structure for either of the
two basic systems. Details of the calculations are given in Appendix C.
5.2 Elements of Rotation System
The rotation system for both the Bridge Crane with Dolly and
the Gantry Crane consists of a gimbal system with three arms.
*We wished to insure that the lowest structural resonance would occur
well above the maximum frequency of the drive and control system of
2 cps established in Section 6.1. An alternative which could allow
drastic reductions in structural weight is discussed in Section 11.4.
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Figures 16 and 17 depict early representations of the gimbal system.
The geometric configuration of the gimbal arms was determined by
considering use of the simulator for two basic mission profiles. These
missions were training of astronauts for extra-vehlcular space and
lunar operations and training of astronauts in proper control procedures
for obtaining rendezvous and docking of the Gemini spacecraft in orbit.
For astronaut training under zero gravity, a literature search was con-
ducted to determine data on human body configuration 20' 21 and limb
movement limits 15' Using these data as shown in Figure 23j a space
clearance envelope was established with an allowance for use of hand
tools by the astronaut. For the rendezvous and docking training, a
mock-up of the Gemini spacecraft was established. Spacecraft external
dimensions that are critical in maintaining realistic simulation of
docking were not reduced in size. Using the body And movement con-
figuration and the spacecraft configuration, we determined that the
gimbal clearance envelope shown in Figure 24 would be sufficient to
accommodate both the astronaut a_d spacecraft configurations.
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Using the @_Lmbal clearance envelope and various structural configurations
for arms of both the half and quarter gimbal systems both systems were
analyzed to determine an acceptable gimbal structure configuration. In
order to minimize the weight requirement while providing a high degree
of stiffness, aluminum was chosen as the material. The _Lmbal system
was analyzed as a single degree of freedom spring system with no
damping. The stiffness of each arm was determined and combined in the
form of a series spring network. The results of these analyses showed
that a _unbal structure of the type shown in Figure 25 was acceptable.
The _unbal system as shown consists of a hollow tube roll arm, a square
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box section pitch arm and a tapering square box section yaw arm. This
gimbal structure provides minimum mass moment of inertia and weight while
providing a gimbal system with a natural frequency of 15 cps. It is
lighter and has lower moment of inertia than a system with quarter-
circle yaw and pitch arms. The sizes shown on Figure 25 were determined
by the gimbal system structural analysis contained in Section I of
Appendix C to this report. A summary of the weights and mass moments
of inertia of the arms is presented below.
TABLE 5
GIMBAL ARM WEIGHTS & MASS MDMENTS OF INERTIA
Arm Weight (lbs) J pitch (im#sec 2) J yaw (im#sec 2)!
i
i
Roll
Pitch
Yaw
Total Gimbal
i00
71o
924
1,734
147
1877
2,024
147
3123
i0,546
13,816
I
I
I
I
I
I
I
To change the gimbal from the man payload to spacecraft payload requires
only the interchanging of the roll arms. Figures 26 and 27 depict
the final gimbal with the man and spacecraft installed.
* See Appendix C, Section I, for determination of these values.
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FIGURE 28
TRUSS TELESCOPING LIFT ARM
I=2
I i,._____2 ! AD2A = 2
W=2_pxK
A = area, In2
D
L= span, in.
p = density of Al_nlnum
.1#/in 3
_ K= weight factor for shear
members in truss, = 1.5
The _tmbal and 1_71oad weight was assumed to be 4000 ibs. in order to
obtain a conservative or upper limit size for the structure. The
results obtained for an arm length of 120 feet ..(i00feet of travel)
showed that the mass of the arm was inordinately large. (See Table 6)
The critical mode for the cross span member was symmetric
bending (see Appendix C, Section III) as a slmply-supported beam of ap-
lyreciable mass with a mass (@Imbal system with payload and telesc6ping
arm) located at the center of spen. The results obtained for a s1_n
of i00 feet also indicated excessively large masses for the cross sl_n
(see Table 6). When the total system structural weight for a con-
figuration of i00 feet height by i00 feet span were determined (see
Figure 29 and Table 6), this weight far exceeded the capacity of any
feasible drive system. We therefore reduced both the vertical travel
and cross travel until reasonable masses were achieved. As shown in
5.16
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Figure 29, if the system configuration is reduced to 60 feet height by
75 feet span the toy structural weight enters the capacity range of
a feasible drive system.
The translation system for the gantry crane (basic system II)
consists of a cross span member and two vertical trusses. Figure 4
depicts an early representation of the system. Although the cross span
member is essentially clamped at either end, we considered it conservatively
as a s£mp1_y-supported beam of appreciable mass with a mass (g£mbal
system) located at the center of the sl_n. The frequency of the cross
span was determined based on symmetric bending with the mass at the
mid-_oint of the span since the lowest frequency occurs with the mass
in this Ix)sition. The gimbal and payload weight of 6000 ibs. was also
assumed to determine a conservative or upper limit of size for the
structure.
The vertical trusses were investigated based on the concepts
shown in Figures 30 and 31. The triangular truss (Figure 32) consisted
of a triangular shaped beam of truss construction supported at the
bottom and at two-thirds of the height. The cantilever truss
(Figure 33) consists of a tapered, rectangular section cantilever beam of
truss construction. The investigation of both concepts was conducted
by assuming the cross sl_an member to be at the limit of this vertical
travel (see Appendix C, Section V). The cross section size and beam
weight were again determined using the dumbell model.
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FIGURE 33
GANTRY CRANE CANTILEVER TRUSS
IThe results of the investigation (see Table 7) indicate that
the concept using the triangular trusses is inherently more rigid, and
provides a lower total system structural weight. It also provides four
points for driving the entire structure in horizontal motion. The
configuration of i00 foot height and i00 foot span for either the
cantilever or triangular truss concept give total system weights far in
excess of feasible drive system capabilities.
Based on the preliminary analysis presented here, we would
recommend that the triangular truss version of the gantry crane system
for translation (Figure B2) be chosen for the simulator. The cross-
slxLn and vertical height should be reduced from the design goals of
I00 ft x i00 ft to 75 ftx 70 ft. The estimated structural weights for
this concept are greater than the estimated weights for the 75 ftx
60 ft version of the bridge crane and telescoping arm s_ructure. However,
we feel that the weights of the gantry structure can be considerably
reduced by more sophisticated design, while only minor reduction can be
•accomplished for the weights of the bridge crane structure. We will
/
therefore base the design of the drive control and sensing systems and
the enclosing building on the concept shown in Figure 30. The bridge
crane and telescoping arm concept of Figure 29, with 75 ft x 60 ft s_sm
and vertical height, should not be entirely discarded, but considered as
a possible alternate to our first choice.
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6. DESIGN OF DRIVE SYSTEM
6.1 Motion Characteristics
In order to understand the type of motion required of the
drive system, it is informative to comsider a typical motion profile.
I
I
I
We will discuss the translation profile which results from a force
applied by the subject to a rigid surface. Figure 34 shows both
theoretical add actual characteristics of force, displacement, velocity,
and acceleration plotted on a single time scale.
The theoretical traces depict the motion characteristics of a
I
I
I
subject actually in a weightless environment. This is the character
of motion that we wish to simulate. In examining the theoretical traces,
it is seen that instantaneous acceleration of the man's C.G. is always
proportional to instantaneous force which he applies with hands or feet.
They both resemble a half-sine curve, as shown in Appendix B.
I
I
I
The theoretical velocity trace is obtained by integrating the
acceleration-time history and the theoretical displacement trace is
obtained by integrating the velocity-time history.
The break-contact point represents the limit of the subject,s
ability to reach the surface from which he is pushing. 0mce out of
I
comtact with the surface, the subject's velocity is comstant, displace-
ment increases at a uniform rate add force and acceleration equal zero.
I
i
i
I
In examining closely the character of the actual traces which
depict the motion characteristics of the subject in the simulator, we
must first establish the f_mite time lag of the simulator sensimg and
power systems. With the recolme_ed system, this lag will be on the
I 6.01
order of .i to .2 seconds@ (See Section 7 for discussion of time lag).
For our discussion, we will use a .15 second lag.
To provide accurate simulation, the actual and theoretical
steady state velocities must be equal. For a given impulse, the subject
in the simulator must achieve the same velocity as he would in true
weightlessness. When the actual velocity equals the theoretical velocity,
the curves become identical for the duration of the steady state condition.
Thus, the simulator is velocity controlled°
For actual acceleration there are two principal choices. First,
the actual acceleration can be identical to the theoretical. This means
that the initial lag will be carried through until the two velocity traces
match. Another choice would be to actually accelerate the subject at a
higher rate than the theoretical in order to partially reduce the time
lag. Increasing the actual acceleration by 25_ would reduce the time to
reach the required velocity by the same amount° The subject does not
have an accurate reference for determining whether his rate of acceleration
identically simulates true weightlessness or not. In order not to
mislead the subject, the actual acceleration probably should not differ
from the theoretical acceleration by more than 25_o
In Figure 34, the actual and theoretical accelerations are
identical. This means that the slopes of the velocity and displacement
curves are also identical. For the actual displacement, the break-contact
point is at .55 seconds. Thus, the actual force duration is .55 seconds.
Since the theoretical force duration is .4 seconds, the sensing must
ignore part of the actual impulse input. The sensing system can either
6.02
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Iuse only a fixed percentage of the recorded impulse, or it cam
record impulse during the force onset phase and double this value
to obtain total impulse for final velocity determination. The
percentage method cam probably be accomplished faster and more
simply by the controlling computer.
Figure 34 also schematically indicates our reason for
choosing a drive system frequency of 2 cps. This frequency
response produces the indicated lag of 1/8 second (one-quarter
of the period of i/2 second), which results in the increase
of impulse shown by the dashed llme in the force-time trace.
A lower frequency response (say, icps) would more than double
the applied impulse, and cause motion at double the desired
velocity, or allow much higher peak forces to be generated.
The trainee would also feel excessive resistance to applied
force, initially.
For the spacecraft-support system, a much lower frequency
response could be tolerated. Maximum accelerations are much
less, since ratio of peak applied force to load inertia (or
simulated load inertia) is much less than for the man-support
mode.
6.o4
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6.2 Translational Drive System
In designing the drive system for the siH_lator, the dynamics
of motion must be determined prior to the selection of any specific
hardware. This involves the kinematics, torque, and power requirements
necessary to achieve the desired motion. We will discuss these re-
quirements and then describe the actual drive systems which might be
used to implement these requirements.
6.2.1 Rigid-BodyDynamics
The dynamics of the translational system are very straight-
forward and will therefore only be briefly discussed. In a true
zero-g, zero-drag environment, the only resistance to the motion of
an astronaut is his ovn inertia. Therefore, for translatorym_tion,
the equations are:
6.05
IIn terms of impulse, the above equation can be written as:
d#
/k/(:)
When the astronaut's mass is changing, as when using a self propulsion
unit, the variation of M with time must be considered. However, for
most cases, it is probable that the mass will be constant. Solution of
the above equations yields the velocity profile with respect to time
for a force input.
6.2.2 Torque and Power Requirements
Generalized power requirements were determined for achieving
different velocities with specific accelerations and masses. Figures
35 and % are charts of Power vs. velocity and Power vs. time for
varying weights of moving structure. The charts are plotted for an
acceleration of 2g's. These curves provide only a starting point for
selecting the required motors, since the mass and inertia of the
required motors will greatly affect the total power requirement.
The actual power requirement is somewhat dependent on the
type of drive employed. A number of different methods of driving
the simulator were investigated, and of these, the only one which
appears feasible is the use of electric drive motors mounted on the
structure and moving with it. It is desirable to use a stationary
motor since the weight of the motor itself does not add to the weight
of moving structure. There appear to be only three methods at all
6.06
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
AIRCRAFT ARMAMENTS, Inc.
I
I
I
I
I
l
I
I
I
I
I
I
l
l
I
6.07
I
l
I
I
I
I
l
I
I
I
I
I
I
I
I
I
l 6.09
AIRCRAFT ARMAMENTS, Inc.
Icapable of transmitting thousands of horsepower from the motor to the
load, using the stationary motor scheme° These methods are by wire
rope on a wlndlass_ multistrand chain and sprockets, and by rack and
pinion with the rack movingo The wire rope will not perform satisfactorily
during transient operation, since its stretch would have a serious ef-
fect on dynamic resl_nse. Neither the chain nor the moving rack are
practical because of their own great weight added to the moving structure,
which would then be as heavy as if the motors had been mounted on the
structure in the first place. Because it did not appear feasible to use
a stationary motor, the use of hydraulics was ruled out for the trans-
lation drives. There are two reasons for this. First, it is not
feasible to have a stationary hydraulic power source and bring the fluid
in throug_.flexible lines or linear slip rings, because of the great
distances and high flows. This would result in heavy loads to move the
flexible tube, large pressure drops in the lines, too much leakage, and
poor dynamic response due to all the above factors plus the compres-
sibility of such a large volume of fluido Second, nothing is gained by
carrying the hydraulic power source along with the motors, since the
electric motors to drive the pumps would have to be more powerful and
consequently heavier than electric motors driving the load directly.
For all the above reasons, It was decided to use moving electric motors
to achieve translation of the structure. Mechanical power transmission
Is achieved wlth pinions on the motors diving against stationary racks.
The following torque and power requirements are thus based on
the choice of drive system°
6. lO
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Using the structural configuration that was chosen in Section
5, we arrive at the following weights of moving structure along the
three axes x, y, add z.
TAm_8
TOTAL LOADS MDVING IN x, y, & z
Direction
of
Drive
Total Moving Structure Weight
W1_aou_ With
Motors Motors *
x Axis
z Axis
y Axis
68,500 lbs.
18,000 ibs.
6,000 Ibs.
103,000 ibs.
30,000 lbs.
i0,000 ibs.
Assumes that motor, gearing, aud bus add approximately 50 - 60%
to structure weight.
From Figure 35, we get an approximate starting point, by finding
that for a i00,000 lb. weight, the required peak power is about 5500 hp.
Since this peak is for only a small percent of the duty cycle, it was
assumed that the motors selected could be up-rated for very short power
demands Compensated, shunt-wound DC motors were selected because of
their excellent speed regulation ability. When the analysis for torque
and power requirements is carried out, the above figure of 5500 hp turns
out to be too low by a factor of about 2.5. This is the result of having
to carry the motors along with the structure, which approximately doubles
the effect of the motor's own weight. The motor weight and weight of
any gearing not only contribute to the effective load to be driven but
6.11
Itheir own rotary inertia must be accounted for again in determining
accelerations produced by the motor's torque output°
Investigation showed that a higher torque-to-inertia ratio
could be achieved by using a number of smaller motors rather than one
huge motor° The procedure used to arrive at a drive system was to start
with an assumed load to be accelerated, such as the second columm of
Table 8o Knowing the desired peak linear velocity, and the top speed of
the motor, and assuming a driving pinion radius, we can then determine the
gear r_tioo Actually, for maximumpower transfer the load inertia re-
flec_,d at the motor shaft should equal the motor inertia° The gear
ratio selected comes very close to matching these inertiaso Using the
pinion radius to determine the effective load inertia, and dividing this
by L_hesquare bf the gear ratio determines the reflected load inertia
at the motor shaft° Dividing the peak torque by the total inertia at
the motor shaft determines the maximum angular acceleration at the motor°
By working back through the gear train_ the maximum linear acceleration
of the load can be found° Since the above trial and error calculations
must be made a number of times to find a drive which will meet the
motion characteristics described in Section 6ol, only the results are
included° It should be borne in mind that these results are only pre-
liminary, and that for the components selected below, a much more thorough
analysis must be made to determine whether the dynamic performance
available is acceptable°
6.12
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6.2.3. Drive System Description
For this preliminary evaluation, the most attractive motors
were those made by General Electric Company. As mentioned before,
these are Ty_ CD compensated, shunt-wound DC motors, operating at
240 volts, and they have been designed as a custom line to provide
linear torque per ampere under heavy overloads, superior commutating
ability to handle peak torques and high rates of current change.
Armature circuit inductance is low to provide fast torque response,
and consequently the motor is well adapted to accelerating high
inertia loads, such as those encountered throughout this simulator.
For instantaneous loads, defined as those of 0.5 seconds duration or
less, the rated torque can be boosted by a factor of eight at stall
and six at 100% rated speed. Since we are interested in deceleration
from full speed as well as acceleration from stall, the factor of six
has been used in all peak torque calculations. The two sizes of
motors used in the translational system are the two largest ones in
this line of motors, frame CD505, rated at 450 ib-ft at 1750 RPM, and
frame CD506, rated at 570 ib-ft at 1750 RPM. These motors are used in
various combinations to achieve the desired acceleration along each
axis. For motion along the x and z axes, these motors are used in l_airs
with their armatures mounted in tandem. These pairs of motors are refer-
red to in Table 9 as motor sets. To drive the entire structure along
the x axis, six sets of CD 506 motors are used, while on the z axis
two sets of CD 505 motors are used. To translate the dolly along the
cross-span in the y direction, one CD 506 motor is used. The resulting
drive syst_n capability is summarized in Table 9.
6.13
IDirection
of
Drive
x-axis
z-axis
y-axis
Direction
of
Drive
x-axis
z-axis
y-axis
TABLE 9
Proposed Drive Motors for Translational Motion
Proposed •
Drive
Motors
6 sets
CD-506
Motors
2 sets
CD-505
Motors
1 CD-506
Motor
Gear
Ratio
12.2
12.2
12.2
MaX Load
Speed
ft/sec.
15
15
15
Peak Torque
ib-ft
x 10-4
8.23
1.o8
•342
Peak Power
Hp
13,670
3,590
i,140
Peak Power
Kw
]-0,350
2,680
850
6.14
Max Load
Accel. g's
2.0
2.0
2.0
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One of the factors which allows us to uprate the motors even
s_newhat more is the very low steady-state torque and power requirement.
The only power necessary during steady state operation is that required
to overc_ne friction losses. The steady state power required for all
I axes together is approximately 27 HP or 2.0 KW, which is extremely
small, and gives the motors a greater chance to dissipate heat built
I
I
I
up during the peaks.
The physical location of the motors is best described by the
acc_nl_nying figures. For the x-axis drive three of the six sets of
motors are located on each side of the gantry. Two of these three sets
are located at the base of the vertical triangular truss, and their
I
I
I
pinions drive the structure through a stationary rack mounted parallel
to the load-bearing track. The third motor set is located at the
outboard apex of the triangular truss_ two-thirds the height of the
truss from the base. It too drives its share of the load through a
stationary rack parallel to the upper rails. This is clearly shown
I
I
I
in Figure 37- The same arrang_nent of motor sets is on the other
vertical truss on the ol_osite side of the s_tor. Figure 38 shows
one end of the cross-sl_n which moves vertically to give Z-axis reunion.
One set of motors is located om each end of this cross-span and each
drives the cross-sl_D relative to the vertical trusses through _cks
I
I
I
mounted on the vertical structure.
Figure 39 shows the drive system on the travelling dolly,
which imparts y-axis motion. This motor sits on the dolly and its
pinion drives through a rack mounted on the cross-span. Thus, it can
I 6.15
Ibe seen that any combinations of x-y-z translatory motion can be achieved
by the proper combination of commands to the different motor sets.
Power is supplied to the armatures and fields of all the moving
motors through bus rails along the four load-bearlng tracks in the x
direction. Where power must be taken further into the system, more bus
rails are located on the vertical trusses and the cross-span. A
graphical representation of the bus requirements is shown in Figure 40.
A total of 42 different bus rails is required -- lO at the base on each
side, six on each vertical truss, and six on the cross-span. Naturally,
all of the buses must be insulated from the main structure, so that
there is absolutely no possibility of the structure becoming a con-
duction path.
The power delivered to the motors is supplied by diesel-drlven
DC generators and Amplidyme* motor-generator sets which are stationary
and located adjacent to the simulator chamber. The method of controlling
these generators to give desired response of the system is covered in
Section 7. The Amplldynes, which are rotating ampliflers, are used
primarily for control of the large DC generators and to supply dif-
ferential current superimposed on the main generator current. In order
not to have DC generators that are far overrated Just to supply the
peak demands, it has been assumed that the generators can also have
their electrical output boosted by a factor of 6, if the mechanical
Trademark of General Electric Co.
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FIGURE 37
MOTOR LOCATIONS ON VERTICAL
TRIANGULAR TRUSSES FOR X MOTION
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FIGURE 38
MOTOP LOCATIONS ON END OF CROSS SPAN FOR Z MOTION
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HYDRAULIC POWER UNIT
FOE GIMBAL DRIVE SYSTEM
TO AND FROM HYDRAULIC MOTORS
Y AXIS DRIVE uNIT
\
FIGURE 39
MOTOR LOCATIONS ON DOLLY FOR Y MOTION
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FIGURE 40
DIAGRAM OF BUSS BAR REQUIREMENTS
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power is available to drive them at these peak demands. Since a diesel
e_lue has very poor overload characteristics, it was decided to have
the diesel drive a flywheel as yell as the generator. Calculations
show that it is quite feasible to have the diesel operate at rated
capacity, supplying rated power to the generator, while the flywheel
contributes the other 5/6 of the mechanical power at peak demands.
One advantage of the diesel-driven generator is that the
bulk of the electric power requirement for the simulator facility will
be generated at the site of the sin_tor, so that little power will have
to be drawn from existing generating stations. Furthermore, and more
important, the simulator will be well isolated frcm other demands in
the area and therefore will be little affected by and will have little
effect on other installations in the MSC complex.
It is seen in Table 9 that each motor Set drives through
a speed reducer which has a ratio of 12.2 to i. This is based on
using a driving pinion of one foot radius, which reduces the 183 rad/sec
.(1750 RPM) speed of the motor shaft to 15 rad/sec pinion speed or 15 ft/sec
load speed. The design of the speed reducer is very important, since
for the necessary gear tooth strength, the gears might be quite heavy.
With this in mind, the design of the reducer must be such as to add
a mininn_n inertia to the driven load. Although some allowance has
been made for gear inertia in the preliminary design, this aspect must
be investigated thoroughly. Items like these can greatly affect overall
system performance, and careful attention will result in getting the
maximum performance out of the selected equipment.
6.25
IAlthough the drive system Just described appears capable of
fulfilling the motion requirements, there are areas where thorough
analysis may yield better performance with less weight penalty. The
above design is predicated on the G.E. Type CD compensated DC motor,
with voltage of 240 volts. By going to a custom design motor, operating
at 600 volts, or possibly as high as 4000 volts, the current require-
ments will be sharply reduced. This could conceivably result in a much
lighter motor, since the I_ heating of the motor might be much less,
and consequently the thermal capacity of the motor could be reduced.
This would also reduce the weight of any moving bus bar, since, although
the same number of bus circuits would be required, the capacity of each
bus could be reduced.
The general conclusion drawn from preliminary analysis of the
translational drive system is that the drive outlined above is workable,
but that detail design would probably improve it to a great extent.
6.3. Rotational Drive System
The design of the drive system to achieve rotational motion
is not nearly so straight forward as that of the translation system.
Most of the problems in this system are a result of the complex rigid
body dynamics associated with the gimbal system. The following analysis
shows the nature of these complexities, and some of the resulting
problems _eculiar to a $imbal system.
6. S.l. Gimbal System Kinematics
In order to estimate the basic computational requirements of
the system, a kinematic analysis of the three-axis gimbal system was
6.26
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prograuned for the LGP-30 digital cce_ter available at AAI. It was
felt that if this small, general pur_se ccml_Ater could evaluate the
system l_rameters in a reasonable time, no serious time delay problems
would exist in the final system using a high speed, large capacity
I
I
I
digital c_ter. In addition, it was noted early in the contract
evaluation stages that certain orientations of the gimbal system would
induce a condition known as "gimbal lock", which is characterized by
a large increase in torque requirements as this orientation is ap-
proached. It was therefore desirable to define the orientation(s) of
I
I
I
ii
this specific system in which this condition is met, and to further
evaluate the limitations imposed on: the overall configuration as a
result of this operational orientation.
The basic configuration geometry is indicated in Figure _i in
which: (X,Y,Z) denote the components of an orthogonal, inertial
coordinate system, _= _--_ U3--yy--+ _ -_
is the angular velocityvector measured in the
I
I
I
inertial coordinate system,
are the angular velocities of the pitch, roll,
and yaw axes respectively as measured in the _l,nbal
system. The rotations indicated in this figure
define the positive sense of rotation for each axis.
I From the successive gimbal rotations defined in Fi_Are 42, we
see that the angle _ denotes an angular displacement in the X-Y
OI plane; denotes an angular rotation about the _ axes contained in
|
the XAY plane, and _indicates the angular rotation of the _ axes out
I 6.z7
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FIGURE 41
CONFIGURATION GEOMETRY
r.
Ax,s I
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FIGURE 42
GIMBAL ROTATIONS (EULER ANGLES)
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of the X-¥ plane. The equations relating , , , )
and J_ can be written down from inspection of the illustrations in this
figure. After maxtrix transformation, these equations can be con-
veniently expressed in thefoll_i_ form:
< (l)
The angular accelerations about each gimbal axis can be obtained from
direct differentiation of these equations and can be written as:
., _ -_ _. ! -_ _. (6)
6.30
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It is immediately evident that equations (2) through (6)
inclusive exhibit an apparent singularity at _-_Tr/_*. Unfortunately,
no convenient, general manner in which the equations for _there is
cam be written. If such equations were available, it would beand
possible to determine the character of this singularity for any specific
case of interest without resorting to simultaneous, numerical solutions
of equations (I) through (6) for particular cases of interest. As it
now stands, we are unable to predict a priori whether or not the system
will approach _ = + _ for each case examined, without detailed
numerical calculations being carried out.
To evaluate the real time requirements necessary to solve
these equations, and in addition, to determine the existence of a gimbal
lock (_ _ _ 7T/2- ) condition, four basic cases were chosen for
analyses. The following table defines the magnitudes of the inertial
angular velocity components for each case:
Run Inertial Angular Velcoity Coml_ment Magnitudes_.
(rad_/sec) (rad_-fsec) J_(radlsec)
*The singularity existing at
condition mentioned previously.
- --_--_/_corresponds to the "gimbal lock"
6.31
IEquations (i) through (6) were programmed for the LGP-30 AAI computer
in order to evaluate the time histories of the angles ( _, _)_ ),
the angular velocities ( _j_ _ ), and the angular accelerations
), for the initial conditions:
_ = o, (7)
_o = o. (8)
_ --o, (9)
for each case listed in the table.
The results for Run A are illustrated in Figures 43 through 49
.
at the end of this discussion o Since the results of Run B are similar
to those of Run A, they are not illustrated in this report. In both Runs
A and B, ---_/4 ___ _$_/4, thus indicating that neither of these cases
involves a gimbal lock condition° In addition, no serious real time
problems are anticipated in such cases, since the LGP-30 computer had
no trouble with these calculations.
In both Cases C and D, however, the pitch angle_ passes
through V/2. However, it appears from the preliminary results
obtained from the coml_ter for Run C that as _ approaches V_
approaches _/7_ also. From the equations presented previously,
it can be seen that this condition leads to an indeterminate form in
.
Only the results for a single cycle are shown in these figures, since
results are periodic with a period T = 2VT- seconds. This is due to
the normalizing condition chosen for the inertial angular velocity;
6oS2
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those terms that would become unbounded if only _ _ _/7_ •
The indeterminate character of those terms is such that each term ap-
proaches a finite limit in the gimbal lock condition, thus indicating ,
that, at least for Run C, no serious increase in angular velocities and
accelerations (torques) is expected. Unfortunately, these results are
only in a preliminary form, due to programLtng difficulties experienced
in both Runs C and D. These difficulties are now being corrected, but
the results are not available for publication in this report.
The difficulties experienced in Runs C and D have indicated
that an extra subroutine program must be included in the general
calculational program written for equations (1) through (6). This
subroutine would be designed to change the basic calculational interval
as a function of the magnitude of the terms involving the functions
of _ in the denominator of the equations, thus insuring that the cal-
culational inaccuracies are minimized in those critical areas.
A general conclusion can be drawn from the results of these
computations. This conclusion is that all three gimbal elements must
be moved with continuously varying angular velocities to achieve rotation
with constant angular velocity in inertial space. Non-accelerated
motion occurs only for the special cases where the direction of the
rotation vector _ coincides with one of the axes of the gimbal
system.
Since the preceding analysis covers only the kinematics_ no
description of torque and power requirements is directly available from
such analysis. However, an extension of the above analysis, when the
6.33
IL
mass moments and products of inertia are included, yields the torque
and power equations° These equations are derived by Mills in Reference
22.
Because of the complexity of these equations, it is not possible
to arrive at a general solution with respect to time without programming
the equations for numerical solution. Therefore, the torque and power
requirements which are shown later in this section are at best approxl-
mate, since they are calculated based on a dynamically balanced system
with no gyroscopic torques.
6.3.2. Torque and Power Requirements
Torque requirements were based on the major assumptions of no
torque interactions between the three elements of the gimbal system, and
a dynamically balanced system° Although it is recognized that these
assumptions may be grossly unwarranted, they at least provide a point
of departure from which we can begin a preliminary analysis. The
torque requirements are thus dependent only on the mass moments of
inertia of the gimbal arms and the desired accelerations° The drive
system does not have to supply energy to the man, since the energy he
will have supplied during his maneuver will be enough to drive his own
body inertia_ Therefore, the drive system has only to provide power to
those parts of the system which are extraneous to the astronaut.
Table lO shows the maximum mass moments of inertia of the yaw, pitch,
and roll gimbal arms about the axes to which these inert_ai contribute.
6.34
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FIGURE •47
RUN A L4 VS TIME,_ VS TIME
6.43
l
l
I
l
I
l
I
I
I
I
I
l
l
I
l
l
I
AIRCRAFT AI_IAI_ENTS, Inc.
I
R,J_ A
FIGURE 48
RUN A_VS TIME,I_ US TIME
6.45
AII_CI_LFT JLI_MAMENTS_ Inc.
n
|
i
i
l
i
i
i
i
i
i
i
i FIGURE 49RUN A_g VS TIMEi
6.47
Gimbal
Element
Yaw
Arm
Pitch
Arm
Roll
Arm
Total
TABLE i0
MASS MOMENTS OF INERTIA OF GIMBAL ELEMENTS
J
x 2
Lb°XnoSec
16o6
16 o6
Lb oIn._Sec2
1,877
148
2,025
Lb olnJ_ec 2
10,546
3,123
148
13,817
W
los.
924
71o
IOO
1734
n
ii
ii
ii
l
II
I
A combination of desired rise time and human acceleration
tolerance resulted in a choice of an acceleration of 20 rad/sec 2. The
necessary torque is then the product of the inertia in Table lO and the
desired acceleration. Table ll shows the torques that are required to
achieve these accelerations° However, as in the case of the trans-
lation system, these figures provide only a starting point in the cal-
culations since, because of the gearing, the load inertia and motor
inertia become com_arableo The same is true of Table 12 which shows
the correspondimg _wer requirements for _ = 4.28 rad/sec = 40 RPM.
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TABLE ii
PRELIMINARY TORQUE REQ_
Yaw Axis
Pitch Axis
Roll Axis
276,000 ib.in.
40,500 ib •in.
332 zt._.
TABLE 12
PRELIMINARY POWER REqJIREMENTS
Yaw Axis
Pitch Axis
Roll Axis
179 hp
26.3 hp
.216 hp
6.49
6o3o3o Description of Drive System
Knowing the approximate torque and power requirements permitted •
an investigation of the available drive system° The only two systems
which appeared to have any promise were DC electric torque motors and
alrcraft-type hydraulic motors° Because the torque motor has an inherent
top speed of al_roximately 50 RPM, no gearing would have been needed,
and consequently no torque multiplication was available. The hydraulic
motor on the other hand, having a rated speed of 3600 - 12000 RPM,
depending on size, has a large torque multiplication factor when it is
geared down to desired speed° Without gearing, the DC torque motors
available cannot provide the required torque° Furthermore, if they could
provide the torque, their weight is as much as a factor of lO to lO0
times as great as a light alrcraft-type hydraulic motor plus gearing.
The choice of a drive system for the rotational motion was thus a com-
pletely hydraulic system°
Because the torque and power requirements in Tables ii and 12
respectlvely_ do not include the effect of motor inertia, the actual
torque and Power requirements are considerably h_ghero Because the
torque requlrememts about the yaw axis were greater than any single
aircraft type motor could supply, it was necessary to use three motors
driving the same output gear° The pitch and roll axes are each driven
by a single hydraulic motor°
A thorough investigation of the available hydraulic equil_nent
showed that the best Possible motors were the Vickers, InCo '_Airborne"
constant displacement axial piston type motors@ This is the Vickers
6.50
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MF-3900 series, which provides near-instantaneous reslx_nse, high
torque, low inertia, and extremly high horsepower-to-welght ratio.
Furthermore, these motors can be stalled indefinitely without damage,
which could conceivably happen at the gimbal lock positlon. Table 13
is a summary of the proposed gimbal drive system for this preliminary
design.
Concerning the figures in Table 13, the following qualifications
must be made. The total power at the bottom of the table is that
supplied to the motors at 2000 psi. Assuming we use valve control of
the motors, maximum Ix_wer transfer is obtained when the pressure drop
across the valve is one-third of supply pressure. For this system, we
are using a supply pressure of 3000 psi, with a i000 psi drop across
the valve. Therefore, the power delivered to the motors must be
multiplied by 1.5 to get the hydraulic power supplied at the inlet to
the valve. This power is 414 hp. Since the pump is only about 90%
efficient, this means that the peak mechanical power input to the
pump is approximately 460 hp.
The basic hydraulic system for the gimbal drives consists of
an electric motor driven pumP, an accumulator, and the motors shown
in Table 13. The power to these motors is individually controlled
at each motor by an electrohydranlic servo valve. There is also the
piping, hydraulic slip rings, sump,filters, and if necessary a heat
exchanger. The actual servo control is discussed in Section 7. The
most efficient generation of fluid l_mer would be by increasing flow
on demand, as opposed to constant delivery operation.
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GZMBAL _v -, _Y_TF._
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Axis of
Rot.
x{roll)
y(pitch)
z(yaw)
Drive
Motor
MF-B_2_-
30
Gear
Ratio
26l
zo4
66
Ml_x
Load
Speed
Rad/Sec
4o 28
4.28
4.28
_8,X
Load
Accel. 2
Rad/S ec
37.6
25.0
26.4
Peak
Torque
lb-in
50,600
372,000
Total
Peak Flow
at 2000
psi
gpm
2.28
28.0
206.0
236.3
Peak
Power
to Hy,
Motor
2.67
!32.8
24z.o
276.5
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Sis can probably be implemented by storing enough fluid in
the accumulator, so that as the flow demsr_ increases, the initial
demand is provided for by the accumulator until the pu_p increases its
delivery to provide for the demand itself. By using an uprated DC
l
l
l
l
l
l
|
motor, similar to those on the translation drivej a mechanical power
surge can be provided for the ImPS during peak demand periods. In the
design of the hydraulic power unit_ the primary goal is to minimize
weight, and by far the largest weight of the unit will be the electric
motor to drive the pump.
The location of the drive motors and gearing for the yaw
axis drive is directly above the yaw arm, and this drive does not rotate
with respect to the hydraulic l_wer unit. Since almost 90_ of the peak
flow is directed to this drive, the hydraulic slip ring problem is much
less complex than if all _he flow had to l_SS through slip rings. The
location and layout of this drive are shown in Figure 50. Figure 51
shows the location of pitch drive, and Figure 52 shows the location of
I
I
I
the roll drive.
As in the case of the translation system, and also because of
presently undefined exact torque and power requirements, this drive
system for the gimbals must be considered only a preliminary design.
Should the actual torque and power requirements become too severe near
I
I
|
the gimbal lock positions, it may be possible to use a four or five arm
gimbal system. With proper control of such a system, the _[mbal lock
position can be entirely avoided. On the other hanl, if the torque and
power requirements are not too much in excess of those assumed_ it may
•6.53
be possible to merely use higher capacity motors. A third alternative
would be to allow a certain amount of distortion of the velocity profile
at those points where the motors cannot develop sufficient torque to
maintain an accurate profile. As a general conclusion, it is very likely
that with one or more of the above methods, the dynamics problems of the
rotational system cau be solved.
Up to this point no mention has been made of the drive system
for the spacecraft support mode of operation. This mode does not affect
the translational drive at all, since the main load in that case is the
structure. For the rotational drive system, calculations indicate that
there should be no need to change the drive motors. Although the mass
moments of inertia are considerably higher, the required accelerations
are enough less than those of the man-support mode that the mau-support
drive motors are quite sufficient for the spacecraft support mode of
operation.
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FIGURE 50
YAW GIMBAL DRIVE
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\FIGURE 51
PITCH GIMBAL DRIVE
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FIGURE 52
ROLL GIMBAL DRIVE
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7. SENSING AND CONTROL GF MOTION
7.1 Sensing System
The sensing system of the simulator has five basic functions.
These are i) sensing inputs to the system, 2) sensing output motions
of the servos, 3) sensing the shift in the center of gravity of the
astronaut, 4) sensing the change in the mass mament of inertia of
the subject, and 5) sensing equipment performance parameters to insure
safe operation. These functions will now be discussed one at a time.
7 •1.1 Input Sensing
7.1.1.1 Force and Torque Inputs.
The system which we will describe in detail in 7.1.3 can be
used to sense all components of external force and moment which are
applied to the trainee, either by his own muscle power or by locomotion
devices. The outputs of various strain-gage bridges are combined to
measure these quantities. The primary inherent limitation on this system
is that it cannot detect the difference between vertical components of
applied force and change in weight of the test subject. We must therefore
assure that all tools which the subject may be using are tied to him with
short lines, so that no step changes in weight occur by the subject picking
up or dropping the tools.
For the strain gages to accurately sense forces and moments, the
structure to which the astronaut is attached must be reasonably stiff.
Since the device is stlffness-controlled in its design, this requirement is
met. Arrays of linear accelerometers mounted on the back support structure
7.01
for the manwould replace the strain gage transducers in a free system.
An auxiliary method of sensing input force and torque can be
used for the modeof operation where the astronaut is working on the
surface of a simulated spacecraft. This surface can be mounted on a more
sophisticated version of the force table (see Appendix A) which we
developed for biokinetics experiments performed during this contract. All
componentsof applied force and point of application of the force can be
sensed in this manner. Together with information on the location of the
center of the gimbal system from displacement transducers, these data then
also provide measurementsof all external torques.
7.1.1.2 Sensing changes in the mass of the man. For the most general case
of operation, no method has been found to discriminate between changes in the
mass of the manand an external vertical force. The only restriction this
places on the manis that he not be allowed to drop or pick up any tools.
Since these would likely be tied to him anyway, no problem is presented by
this restriction. The one case where the manmust change his mass in order
to perform his mission is in the testing and evaluation of self-propulsion
units. However, by placing a sensor in the unit to measure massrate of flow
of fuel, and by continuously subtracting this massfrom the initial mass
of the payload, the instantaneous mass of the payload can be determined.
7.1.2 Output Sensing
7.1.2.1 Linear and angular acceleration. By mounting two triaxial
accelero_eters on opposite sides of the man, oriented along body-fixed
cartesian axes, at a known distance from his center of gravity, it will
be possible to measure all three componentsof linear and angular
acceleration. Since these accelerometers are themselves in a rotating
7.02
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coord/nate system, knowledge of the gimbal angles is necessary to
resolve their acceleration components along inertial axes. This
angle information will be available and is described shortly.
If two accelercs_=ters with their a_es of sensitivity l_-allel and
along the axis of motion are accelerated along the axis, their
outputs will be the same. If they are rotating about a point midway
between them while still acceleratlcg linearly, their outputs
will be different and made up of two parts. They will both have
equal outputs from the linear acceleration, but their outputs from
the angular acceleration will be eRual in magnitude a_i opposite
in sign. By adding half the difference of the two outputs to the
lesser output, we get the linear acceleration along the axis of
sensitivity, and furthermore 2 by divid_ half the d/fference in the
outputs by the distance from the point of rotation, to the
accelercmeter, we get the angular acceleration about the point.
7.1.2.2 Linear Velocities. Linear velocities are measured by
tachometers mounted at the drive system for each axis of motion.
They may use various principles to convert the linear velocity into
a measurable a_,IAr velocity. Suae of these methods utilize a
rack and pinion drive, a friction wheel drive, a light wire rope and
windlass drive, or a=y other method which utilizes a fixed geometry
to achieve linear to rotary conversion. If the effective
radius of the drives on the tachometer shaft is known, then the linear
speed is known, since the output is directly proportional to the
velocity and inversely propurtional to the radius.
7.03
|7.1.2.3 Angular velocity. Here again tachometers are used to measure
the angular velocity of the gimbal arms with respect to each other.
All that we need know is the geometry that determines the speed ratio
between the driven element and tachometer. As in the case of sensing
angular acceleration, it is impossible in this system to directly
measure angular velocity about inertial axes. Therefore, usirg the
kinematics equations in Section 6, the cc_puter must solve for OOx,
tOy, and O0z, using the angle and angular velocity informatioD of the
gimbal arms.
7.1.2.4 Linear Displacement. Linear displacement would be sensed by
shaft encoders which are driven in the same ma_er as the tachometers
for sensing linear speed. It is quite possible that the two may be
mechanically connected in tandem. The output is a number of pulses
in some definite sequence which uniquely determine the angle of
rotation of the shaft of the encoder.
7ol.2o5. Angular Displacement. Angular displacement is also measured
with a shaft encoder, and again the geometric conditions between the
gimbal arms and the encoder will determine what mechanical output is
equivalent to the electrical output. Since in this case we are
interested in actual angular displacement, there would probably be a
one-to-one correspondence between encoder angle and gimbal angle.
7.1.2.6 Internal forces cn man as a result of drive forces. A
measure of these forces may be gotten by knowing the reaction torque of
the drive motors at the various points in the system. Such torques may
be measured by mounting the drive motors in ccmnercially available
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reaction mounts. These mounts have built into them a torsional
strain gage bridge to measure the reaction torques on the housing
of the motor. This reaction torque must be equal and opposite to the
drive torque developed by the rotor. The forces on the man from the
c.g. correction mechanism can be measured by mounting the hydraulic
cylinders in such a way that tension or compression is induced in
members parallel to the cylinder a_es.
7.1.2.7 Displacement of c.g. correction cylinders. Because the stroke
lengths of the cylinders is about one foot, it will be possible to use
LVI_'s to sense the output motion. These instruments provide an
extremely accurate measure of position over their linear range of
operation. Such an accurate measure of c.g. correction might be
quite useful for one of the methods of sensing changes in the moment
of inertia of the astronaut.
7.1.3 Sensing the Shift in the Center of Gravity. Although no way
has been found to sense the shift in c.g. during all phases of
operation, a method is presented which we believe will perform
this Job with adequate accuracy. One of the -_thods investigated
which appeared very attractive at first, had to be discarded because
of inherent limitations in a rigid-body analysis of the human being.
It is presented here mainly because it is a rather unusual method of
providing certain sensing information. Of the c.g. were not at the
intersection of the three gimbal axes, where it should be for zero
shift, a force through the c.g. would induce an angular acceleration
of the c.g. about the gimbal axes. This would certainly be a problem
7.05
in a free-support system, since there is always the force of gravity
through the c.g. Realizing this fact, we decided to see if this
problem could be turned to advantage. This basic scheme was to vibrate
the astronaut at a very high frequency and low amplitude, well beyond the
range of his perception. If the astronaut were vibrated along the x-axis,
any unbalance in the c.g. would result in an angular acceleration about
the y and z axes. If this excitation were sinusoid_l, then the variation
in acceleration would be sinusoidal and would be of the sam_ frequency
as the excitation. With a c_stant force input, the output angular
acceleration would be proportional to the amount of c.g. shift. Further-
mor_ by measuring the linear acceleration, the man's mass could be
continuously monitored. By vibrating him along all three axes, the c.g.
shift could be resolved along the three axes. Unfortunately, a thorough
literature search brought out the information that above i0 cps, the
human ceases to behave like a rigid body. Intrabody damping becomes
quite significant above this frequency, and a second problem was how
to hold the man by his skeletal structure in order to shake the whole
body. It is unfortunate that this method is impractical since no way
has yet been found to provide as much sensing information on the C.go
shift.
The method which we propose is to sense the strain induced
in the structure directly aft of the astronaut due to his unbalanced
c.g. The main restriction in the use of this method is that not enough
independent equations can be set up to enable separation of the effects
of external forces from internal forces caused by the C.go shift.
7.06
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Therefore, the c.g. shift can only be sensed in presence of no
external forces. This restriction, although undesirable is not
too serious, since it is expected that the astronaut will only be
applying a force during a relatively small percent of the time.
!
I
I
I
The accuracy of sensing possible with this method is
a function of the proximity of the strain sensing elements to the
man. As the strain gages are placed closer to the man, the
percentage contribution of strain due to his weight increases, while
that portion of the strain contributed by the structure weight
I
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decreases. Thus motions of the man will be more easily detected with
strain gages very close to him. The present intention is to place
a balance unit between the astrcmaut's support harness and the c.g.
correction drive mechanism. Such a strain gage balance unit would
actually be a cylindrical tube of a few inches in length with arrays
of gages bonded in such configurations as to measure three
orthogcmal components of force and three orthogonal components of
mcment. Figure 53 shows the roll arm of the gimbal system as a free
body with the force Fx, Fy and Fz and the moments Mx, My, and
acting on it. The c.g. is not at the origin of this coordinate
da.
system, and its position is described by the radius vector R, whose
direction _gles with x, y, and z axes are _r,_r, and (r
respectively. The force F, of which Fx, Fy, and Fz are components
lies along a unit vector which has direction angles C_F,_F , and
/
_F with the x, y, and z angles respectively. There are also
moment inputs caused by the reaction moments of the drive system.
_se_ts _ (_)i,CMy)i,a_ (_)i"
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The following equations for this section can be written
My - F,<.;,,-,- F_ × * (_'/)L
I
I
I
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Inspection of the above equations allows us to draw certain
conclusions. The angles _,_F, and _ vary with +) _ A_
which are respectively the roll, pitch, and yaw angles. On the other
hand, assuming that the c.g. has not shifted fram its original unbalance
l
n
l
with respect to the gimbal system, either from changes in the body
position or shift corrections, the angles _ _. and _ do not
J
For the case where no external forces are acting, F is the
force in the negative Z direction and is equal to the weight, WM, of the
|
!
!
man. (In this discussion, the weight of the astronaut is his body weight
plus all equipnent which he is carrying). The quantities _ _-y_ _-_)_X)
/_y and % are measured by the balance unit. The quantities
(Mx)i, (_)i, and (Mr)i are measured by the reaction mounts of the motors.
Equation 7.12 provides a method of inspection which can determine the
I
I
I
existence or non-existence of external forces. If there are no external
forces present, then /_/_ W_ Ishould equal . In the event that an
_ A
external force is acting#_/_/M Z. Therefore, in order to determine i
whether or not an external force is acting, and hence whether or not
to make the c.g. correction computation, all that is necessary is to
sum the squares of the force components and compare them to the square
of _M" Their equality triggers a decision to proceed with the
computation, while their inequality triggers a decision to make no
correction until their equality is re-establlshed. Assuming that we
have done the above, and that there are no external forces, we can
proceed to determine amount of c.g. shift along the x, y, and z
I
I
I
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a_s.
and z yields the following solutions.
Solving Equations 7.1, 7.2 and 7.3 simultaneously for x, y,
7.13
?._1.
7,15
Since all the quantities on the right side of the equations are
available as measured information, Equations 7.13, 7.14 and 7.15 can be
solved for x, y, and z respectively. These solutions far x, y, and
B
I
B
i
I
z are then translated into c_,_a,_ for the inputs of the position
servos which canprise the c.g. correction mechanism. Thus it has
been shown that the shift in c.g. should be able to be determined
without knowledge of the instantaneous angular displacement of the
g_al el_.t_._e _lu_o_F_,Fy,F_,_, _, and_ _o_v
with these an_r displacements, but the fact that certain combinations
of these values are equal to known or predetermined constants allows
7-13
us to cunpute the c.g. shift without measuring the complete nature of
these variations.
To measure the three components of force and moment
accurately requires particular attention to strain gage orientation and
circuitry. A pictorial sketch of the strain measuring tube is shown
in Figure 54. Various combinations of the gages permit measurement of one
component of force or moment independent of the other components. Thus
there is no cross-talk between the different strain gage bridges. The
gages in Figure 54 are numbered corresponding to their function. We will
describe here what these measurements are and will shortly show more
detail of the actual bridges. By combining the outputs of gages I, 2,
3, and 4, Fy can be measured, and similarly gages 5, 6, 72 and 8 will
measure Fz . Gages 9 and lO measure tension and compression, or Fx.
Bending moments, _ and Mz, are measured by gages ll and 12 and 13 and
14 respectively, and torsion, or Mx, is measured by gages 15, 16, 17,
and 18.
Schematic layouts of the strain gage bridges to accomplish
measurement of the three components of force and moment are shown
in Figures 55 through 58. The bridge in Figure 55 measures longitudinal
force, Fx, independent of bending, torsion, and temperature changes.
Figure 56 shows a bridge to measure transverse force, Fy or Fz,
independent of the point of application of the force, and independent
of unknown end moment, torsion and temperature changes. The bridge
in Figure 57 permits measurement of bending moments, _ or MZ,
independent of longitudinal force, torsion, and temperature; finally,
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the torsion, Mx, can be measured by the bridge in Figure 58, independent
of longitudinal and transverse forces, bending moment, and temperature
change. By utilizing a short tube similar to Figure 55 through 58, it
should be possible to measure internal forces adjacent to the astronaut,
and consequently enable measurement of c.g. shift. It is suggested
that semi-conductor strain gages be used in all such applications on
the simulator, since their superior sensitivity will provide much lower
t_esholds of signal sensing.
7olo4 Sensing The Change in Astronaut's _ass Moment of Inertia. For
the case of rotation with constant angular momentum, any change in the
moment of inertia of the body will be reflected as an opposite change
in angular velocity. Since the servo drives are velocity controlled,
unless the reference input is changed the astronaut will continue
to rotate with the original angular velocity regardless of the changes
in the man's moment of inertia. (A discussion of the actual changes
in the moment of inertia of a human, caused by changes of body position,
is included in Appendix D). In order to compensate for such changes,
a method of continuously sensing the monent of inertia must be provided.
This sensing requirement unfortunately does not lend itself to an
easy means of solution in a closed loop system. Four possible approaches
are included here, and the on_ ultimately chosen would depend on the
desired compromises between accuracy, complexity and cost.
7.1.4.1 Using the c.g. shift as a measure of the moment of inertia.
This method is by far the simplest and most straight forward
to implement but the accuracy obtainable may not be sufficient. It is
7.24
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based on the belief, which has yet to be tested, that for most c.g.
shifts along each axis, a unique body position exists. If this is
|
!
I
true then the moment of inertia about each axis can be computed, knowing
the positions and masses of the various parts of the body.
Using this metho_ to sense changes in J, it would be
necessary to precomlx_e the correspondence between c.g. shift and
moment of inertia and to place these results in the memory of the
!
!
I
computer. Then when the c.g. shift is calculated, the corresponding
moment of inertia could be taken out of storage and used to update
the reference input to the gimbal servo drives.
7.1.4.2 Measuring the angles between articulated limbs of the body.
This method would utilize Ix_s or synchros built into the
I
I
I
Joints of the space suit_ so that a limb mov_nent woul_ result in
a measure of the angle between a_Jacent limbs. Then using
trigonometric and geometric information about the body configuration,
the distances of the centers of Bass of the limbs fraa the composite
center of mass of the body can be computed. In Appendix D it is
I
I
I
I
shown that the transfer term in the m_nent of inertia is much much
greater than the local term excel_ for the torso, an_ in the simulator
the torso is well restrained. Therefore knowing the above limb-to-
c.g. distances and the Basses of the limbs, the moment of inertia can
be c¢_puted as the sum of the J of the torso plus the MR2 terms of
each limb.
7.1.4.3 Optical Scanning of subject - Type A.
This method involves optically scanning the subject along
three orthogonal axes from within the gimbal system. A luminescent
7.25
bracelet is placed on the llmb at the location of center of gravity.
By enclosing the astronaut in an imaginary three-dlmensional matrix,
it is possible to use the scanners and binary logic to determine
the cell of the matrix in which the luminescent bracelet of each limb is
located. By knowing this cell location in space, (and hence its distance
from the c.g. ), it is then possible to compute the moment of inertia using
the same type of calculations as for the previous method.
7.1.4.4 Optical Scanning of Subject - Type B
In this method of optical scanning, the subject is flooded with
ultraviolet or infrared light and the scanners now, instead of localizing
a discrete spot of light, sense small areas of shadow in three planes, and
assuming an equal density throughout the body, the computer can calculate
the moment of inertia about all three axes.
Either of the two digital systems would be ccmplex and costly
to develop, but their potential accuracy is limited only by the number of
cells in the matrix or the number of small differential areas which are
integrated. We feel that at this time the first method, using the c.g.
shift to indicate the moment of inertia, would be the easiest to implement
with the least development time. Naturally, the assumptions made for that
method would have to be thoroughly investigated to substantiate their
validity.
7.1o5 Miscellaneous Sensing
There are various operating parameters and variables which
should probably be monitored in order to assure equipment operation within
7.26
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Such variables as pressure and flow in the hydraulic
I
i
I
circuits, and voltage and current in the electric circuits are easily
measured by conventional instrumentation. Such transducers are
readily available throughout the entire range of desired specifications
and their use should present no problems.
It may also be desirable to measure and record certain
I
I
I
variables during a mission to determine such thing_ as task
performance efficiency. None of these should require more
instrumentation than that which has been discussed.
7.1.6 General Conclusions and Remarks on Instrumentation
One problem that will be encountered with most of the
I
I
I
instrumentation is the presence of magnetic fields. These very
strcagfields will result frcm the extremely hlgh currents being
drawn by the electric drives during peak loading. By proper
shielding of the instrmmentation, no interference should result_
but nevertheless this problem would have to be investigated in
I
I
I
detail.
All instrumentation in the rotating parts of the system will
have to receive excitation and deliver their outputs through
instrument slip rings. No problems should exist in this area since
very high quality devices exist with capacity of up to 1800 channels
of information. This is far in excess of any of our requirements.
The only foreseeable problem with the slip rings may arise in the
I
I
interfaces between the electrical and the hydraulic slip rings. Most
likely, any such problems can be adequately solved, but their presence
I 7.3
cannot be determined until a detail design is made.
As a general conclusion, we can say that with the exception
of sensing the moment of inertia, all instrumentation problems should
be easily handled in a detail design. The problem of sensing the
mcment of inertia will have to be solved either by development of one
of the previously mentioned methods or by an entirely new concept, which
as yet has not appeared. In the next part of this section we will
describe how the servo drives are controlled, using the sensory
information which we have Just discussed.
7.2 Control of Motion
As explained in Section 6.1, we are primarily interested in
controlling the velocity of the astronaut, both in translation and
rotation. In order to achieve this, the control system has been
designed basically as a series of velocity servos, with acceleration
and position control interlocks where necessary. We will discuss
the three control systems per se, with limited reference to the actual
drives and power equipment, since this has already been discussed in
the previous section.
7.2.1. Translational System
Although the power being controlled on the translational drives
is much higher than on the rotational drives, acceptable dynamic
performance should be more simple to achieve. This is due mainly to
the required motion characteristics of the astronaut. For translatory
motion, once he has moved away frun a surface and is not able to apply
force, he should acquire a constant steady state velocity. Therefore, the
7.28
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reference input to x, y, and z servos should be similar to a step
input.
Let us trace an input signal through the system, observing
the action and effects caused by the signal. Figures 59 and 60 will be
helpful in visualizing this discussion. Figure 59 is a simplified
schematic diagram of the Amplidyne motor-generator set, which acts
as a rotating power amplifier and is fundamental to the control of
the large amount of power. A brief description u_ the operation
of the Amplidyne is included. Figure 60 is a schematic of the
control system for the x-axis servo drive, which is the most complex
of the translatiou drive systems. Assume that the man has applied
an external force, which the sensing system has measured and trans-
mitted to the digital control cu_puter. Based on this information
and other information stored in the cuaputer, a velocity reference
input signal is determined. Part of the digital computer has a
function similar to that of a su=matiou point in a non-cumputer
controlled system, and at this point, processed feedback
information is subtracted from the reference input. The resulting
signal is proportional to the error between desired output and
actual output. This error signal is the input to an electronic
amplifier, which boosts the power level of the signal and applies
the signal across the control windings of the Amplidyne. The
preamplifier would have its own internal feedback for maintaining
stabilization and constant gain. The output of the preamplifier
is applied push-pull across the control windings of the Amplidyne.
! 7.29
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FIGURE 32
GANTRY CRANE TRIANGULAR TRUSS
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FIGURE 33
GANTRY CRANE CANTILEVER TRUSS
!The results of the investigation (see Table 7) indicate that
the concept using the triangular trusses is iraherently more rigid, and
provides a lower total system structural weight. It also provides four
points for driving the entire structure in horizontal motion. The
configuration of lO0 foot height and i00 foot s_an for either the
cantilever or triangular truss concept give total system weights far in
excess of feasible drive system capabilities.
Based on the preliminary analysis presented here, we would
recommend that the triangular truss version of the gautry crane system
for translation (Figure 32) be chosen for the simulator. The cross-
sl_n and vertical height should be reduced from the design goals of
i00 ft X i00 ft to 75 ft x 70 ft. The estimated structural weights for
this concept are greater than the estimated weights for the 75 ftx
60 ft version of the bridge crane and telescoping arm s_ructure. However,
we feel that the weights of the gantry structure can be considerably
reduced bymore sol_histicated design, while only minor reduction can be
•accomplished for the weights of the bridge crane structure. We will
/
therefore base the design of the drive control and sensing systems and
the enclosing building on the concept shown in Figure 30. The bridge
crane and telescoping arm concept of Figure 29, with 75 ft x 60 ft s_sm
and vertical height, should not be entirely discarded, but considered as
a possible alternate to our first choice.
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6. DESIGN OF D_IVE SYSTEM
6.1 Motion Characteristics
In order to understand the type of motion required of the
drive system, it is informative to consider a typical motion profile.
I
I
I
We will discuss the translation profile which results from a force
applied by the subject to a rigid surface. Figure 34 shows both
theoretical and actual characteristics of force, displacement, velocity,
and acceleration plotted on a sin@le time scale.
The theoretical traces depict the motion characteristics of a
l
I
I
subject actually in a weightless environment. This is the character
of motion that we wish to simulate. In examining the theoretical traces,
it is seen that instantaneous acceleration of the man's C.G. is always
proportional to instantaneous force which he applies with hands or feet.
They both resemble a half-sine curve, as shown in Appendix B.
I
I
I
The theoretical velocity trace is obtained by integrating the
acceleration-time history and the theoretical displacement trace is
obtained by integrating the velocity-time history.
The break-contact point represents the limit of the subject, s
ability to reach the surface from which he is pushing. Once out of
I contact with the surface, the subject's velocity is constant, displace-
ment increases at a uniform rate add force mad acceleration equal zero.
Ii
i
!
In examining closely the character of the actual traces which
depict the motion characteristics of the subject in the simulator, we
must first establish the f_mlte time lag of the simulator sensimg and
I
power systems. With the rec0mmended system, this lag will be on the
6.01
Iorder of .i to .2 seconds. (See Section 7 for discussion of time lag).
For our discussion, we will use a .15 second lag.
To provide accurate simulation, the actual and theoretical
steady state velocities must be equal. For a given impulse, the subject
in the simulator must achieve the same velocity as he would in true
weightlessness. When the actual velocity equals the theoretical velocity,
the curves become identical for the duration of the steady state condition.
Thus, the simulator is velocity controlled.
For actual acceleration there are two principal choices. First,
the actual acceleration can be identical to the theoretical. This means
that the initial lag will be carried through until the two velocity traces
match. Another choice would be to actually accelerate the subject at a
higher rate than the theoretical in order to partially reduce the time
lag. Increasing the actual acceleration by 25% would reduce the time to
reach the required velocity by the same amount. The subject does not
have an accurate reference for determining whether his rate of acceleration
identically simulates true weightlessness or not. In order not to
mislead the subject, the actual acceleration probably should not differ
from the theoretical acceleration by more than 25%.
In Figure 3_, the actual and theoretical accelerations are
identical. This means that the slopes of the velocity and displacement
curves are also identical. For the actual displacement, the break-contact
point is at .55 seconds. Thus, the actual force duration is .55 seconds.
Since the theoretical force duration is .4 seconds, the sensingmust
ignore part of the actual impulse input. The sensing system can either
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use only a fixed percentage of the recorded impulse, or it cam
record impulse during the force onset phase and double this value
to obtain total impulse for final velocity determination. The
percentage method can probably be accompllshed faster and more
simply by the controlling computer.
Figure 34 also schematically indicates our reason for
choosing a drive system frequency of 2 cps. This frequency
response produces the indicated lag of 1/8 second (one-quarter
of the period of 1/2 second), which results in the increase
of impulse shownby the dashed llne in the force-time trace.
A lower frequency response (say, 1 cps) would more than double
the applied impulse, and cause motion at double the desired
velocity, or allow muchhigher _eak forces to be generated.
The trainee would also feel excessive resistance to applied
force, initially.
For the spacecraft-support system, a much lower frequency
response could be tolerated. Maximumaccelerations are much
less, since ratio of peak applied force to load inertia (or
simulated load inertia) is much less than for the man-support
mode.
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6.2 Translational Drive System
In designing the drive system for the sin_lator, the dynamics
of motion must be determined prior to the selection of any specific
hardware. This involves the kinematics, torque, and power requirements
necessary to achieve the desired motion. We will discuss these re-
quirements and then d(scribe the actual drive systems which might be
used to implement these requirements.
G.2.1 Rigid-Body Dynamics
The dynamics of the translational system are very straight-
forward and will therefore only be briefly discussed. In a true
zero-g, zero-drag environment, the only resistance to the motion of
an astronaut is his own inertia. Therefore, for translatory motion,
the equations are:
6.05
IIn terms of impulse, the above equation can be written as:
fN de
-%e-
,,P/(e)
When the astronaut's mass is changing, as when using a self propulsion
unit, the variation of M with time must be considered. However, for
most cases, it is probable that the mass will be constant. Solution of
the above equations yields the velocity profile with respect to time
for a force imput.
6.2.2 Torque and Power Requirements
Generalized power requirements were determined for achieving
different velocities with specific accelerations and masses. Figures
35 and 36 are charts of l_wer vs. velocity and power vs. time for
varying weights of moving structure. The charts are plotted for an
acceleration of 2g's. These curves provide only a starting point for
selecting the required motors, since the mass and inertia of the
required motors will greatly affect the total power requirement.
The actual power requirement is somewhat dependent on the
type of drive employed. A number of different methods of driving
the simulator were investigated, and of these, the only one which
appears feasible is the use of electric drive motors mounted on the
structure and moving with it o It is desirable to use a stationary
motor since the weight of the motor itself does not add to the weight
of moving structure. There appear to be only three methods at all
6.06
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capable of transmitting thousands of horsepower from the motor to the
load, using the stationary motor scheme. These methods are by wire
rope on a wlndlass_ multlstrand chain and sprockets, and by rack and
pinion with the rack moving° The wire rope will not perform satisfactorily
during transient operation, since its stretch would have a serious ef-
fect on dynamic resl_nse° Neither the chain nor the moving rack are
practical because of their own great weight added to the moving structure,
which would then be as heavy as if the motors had been mounted on the
structure in the first place. Because it did not appear feasible to use
a stationary motor, the use of hydraulics was ruled out for the trans-
lation drives. There are two reasons for this. First, it is not
feasible _o have a stationary hydraulic power source and bring the fluid
in through.flexible lines or linear slip rings, because of the great
distances and high flows° This would result in heavy loads to move the
flexible tube, large pressure drops in the lines, too much leakage, and
poor dynamic response due to all the above factors plus the compres-
sibility of such a large volume of fluid. Second, nothing is gained by
carrying the hydraulic power source along with the motors, since the
electric motors to drive the l_mps would have to be more powerful and
consequently heavier than electric motors driving the load directly.
For all the above reasons, it was decided to use moving electric motors
to achieve translation of the structure. Mechanical power transmission
is achieved with pinions on the motors diving against stationary racks.
The following torque and power requirements are thus based on
the choice of drive system.
f
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Using the structural configuration that was chosen in Section
5, we arrive at the following weights of moving structure along the
three axes x, y, and z.
TABLE 8
TOTAL LOADS MOVING IN x, y, & z
Total Moving Structure Weight!
!
!
I
I
I
I
ill
I
I
I
Direction
of
Drive
x Axis
z Axis
y Axis
WXIM_OU_
Motors
68,500 ibs.
18,000 ibs.
6,000 ibs.
With
Motors *
103,000 ibs.
30,000 ibs.
lO, 000 Ibs.
Assumes that motor, gearing, and bus add approximately 50 - 60%
to structure weight.
From Figure 35, we get am approximate starting point, by finding
that for a i00,000 lb. weight, the required peak power is about 5500 hp.
Since this peak is for only a small percent of the duty cycle, it was
assumed that the motors selected could be up-rated for very short power
demands Compensated, shunt-wound DC motors were selected because of
their excellent speed regulation ability. When the analysis for torque
and l_wer requirements is carried out, the above figure of 5500 hp turns
out to be too low by a factor of about 2.5. This is the result of having
to carry the motors along with the structure, which approximately doubles
the effect of the motor's own weight. The motor weight and weight of
any gearing not only contribute to the effective load to be driven but
6.11
Itheir own rotary inertia must be accounted for again in determining
accelerations produced by the motor's torque output°
Investigation showed that a higher torque-to-inertla ratio
could be achieved by using a number of smaller motors rather than one
huge motor° The procedure used to arrive at a drive system was to start
with an assumed load to be accelerated, such as the second column of
Table 8o Knowing the desired peak linear velocity, and the top speed of
the motor, and assuming a driving pinion radius, we can then determine the
gear r_tioo Actually_ for maximumpower transfer the load inertia re-
flecL(d at the motor shaft should equal the motor inertia° The gear
ratio selected comes very clo_e to matching these inertias° Using the
pinion radius to determine the effective load inertia, and dividing this
by _;hesquare bf the gear ratio determines the reflected load inertia
at the motor shaft° Dividing the peak torque by the total inertia at
the motor shaft determines the maximum angular acceleration at the motor°
By working back through the gear tr_io_ the maximum linear acceleration
of the load can be found° Since the above trial and error calculations
must be made a number of times to find a drive which will meet the
motion characteristics described in Section 6oi, only the results are
included° It should be borne in mind that these results are only pre-
liminary, and that for the components selected below, a much more thorough
analysis must be made to determine whether the dynamic performance
available is acceptable°
6.12
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The Amplidyme is a two-stage of gain device, having a constant
output voltage characteristic dependent on the differential voltage
I
i
l
applied across the control winding. The advantage of the Amplidyne
is its high power gain and fast response. A 100 Kw Amplidyme,
the largest unit available, has a time constant of .O1 seconds
with a power gain of 1400 watts/watt. As the time constant is allowed
to increase, the gain also increases, so that for a time constant
i
i
i
of 0.21 seconds, the unit has a power gain of 29,500 watts/watt.
Since the required power is still greater than cam be
delivered from am Amplidyme, the output of the Amplidyme is used
to control the field of the main diesel-driven generator.
The output of the main generator is used to supply most of
i
i
i
the power to the twelve x-axis drive motors. As described before,
these twelve motors are used as six sets of two motors in tandem.
In order to achieve good control, the six sets are operated with one
set as a master and the other five as slaves. This was necessary
to insure that all motors turned the same number of revolutions in the
I
i
I
same time. If each set of motors sees a different load and all are
supplied from a common generator, the motor seeing the lesser loads
will have a tendency to rum away from the other motors. In addition
to obtaining poor speed control, this action would place very high
loads on the structure. Although there are inherent features which
!
!
would tend to make all the motors drive equally, we felt that a
positive slaving would be more desirable.
! 7.35
The armatures of the motors which are mounted in tandem are
wired together in series. Thus both motors get the same armature current
and consequently develop the same torque. All six motor sets are wired
to the generator in parallel as shown in Figure 60° The master motor
set_ angle, speed, and acceleration are sensed by a synchro TX
transmitter, dc tach_neter, and angular accelerometer respectively.
The velocity and acceleration information is fed back to the control
computer to close the servo loop. The acceleration information is
used for rate stabilization. The signal from the synchro transmitter
is fed to a synchro control transformer (CT) at each of the five slave
sets. The electrical input to the CT is proportional to the angle of the
TX. The mechanical input to the CT is the angle of shaft rotation
of the slave motor. The electrical output of the CT is a voltage
proportional to the sine of the difference in the two angles. For
small error angles, the sine of the angle is equal to the angle, and
hence the output of the CT is proportional to the error angle of the
master motor and slave motor. This error angle signal is amplified
by an error amplifier, and then impressed across the ccatrol field
winding of a small Amplidyne. The output of the Amplidyne is
superimposed on the main generator output and either aids or
bucks this voltage depending on the sign of the error. Thus the five
small Amplidynes act to apply a differential input which keeps all
six motor sets running together.
To control acceleration of the load, the torque must be
controlled. Since the torque is proportional to armature current,
7.36
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the load acceleration can be controlled by controlling the current
to the motors. This is accomplished by having a variable current
limiter in the circuit which is computer-controlled. Physically,
this would probably be a magnetic amplifier. Care must be taken
in design of this circuit to avoid dynamic instabilities.
The control of the motion of the other axes is very similar
to the x-axis control.
The z-axis is identical except for the amount of power
being controlled and the number of slave sets. Since this axis
has only two sets of motors, we use one master set and one slave
set. Oa the y-axis, there is only one motor so that control is
achieved the same as for the master motor set of the other axes.
7.2.1.2 Discussioa of Translational Control
Since we are trying to achieve overall c_trol system
response of 2 cps, and the motors alone have a response of about
12 cps_ it should not be too difficult to meet this desired response.
Not enough detail is known at this time to permit a dynamic
analysis, but we would propose performing such an analysis in a
detailed design phase. More will be said about this in our
discussion of the rotational drive system. The present designs of
the drive and control system B_ve been based on standard or semi-
custom components, but better performance would probably be obtainable
through custom design.
A number of factors will influence the dynamic response
of the translational system. In the motor itself it is extremely
7.37
Iimportant to reduce the rotor inertia as much as possible to reduce
the inertial time constant in the motor transfer function. In the
armature circuit of the motor, the reduction of the inductance will
minimize the inductive time constant of the motor transfer function.
This is particularly important with regard to the bus rails carrying
current to the armature. The inductance of these rails is likely
to be much larger than the motor inductance.
Another area of careful design will be the compensation
techniques used throughout the control loop. Because of the huge
power gains, the system may be unstable without the proper compensation.
Regarding the threshold of smooth operation, it is impossible
to predict quantitatively at this time what this will be. However,
minimizing the dry friction loads, the signal deadband, and the backlash
in the gear trains will substantially lower the threshold of smooth
operation.
7.2.2 Rotational System
As discussed in Section 6_ the rotational drive system is
a hydraulic system. It can be classified as an electro-hydraulic,
servo valve-controlled servomotor with a constant pressure, variable
delivery source. A simplified schematic of this system is shown in
Figure 61. The hydraulic power unit consists of an electric motor
driving three variable-delivery pumps, which in turn charge the
system to the desired supply pressure. When the system has reached
the desired pressure, the pump automatically stops delivery,_ or
delivers only enough to maintain a supply pressure of 3000 psi. Let us
now see what happens when the servovalve is actuated by an error signal.
7.38
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As in the translational system, the comparator function is
fulfilled by the digital computer, which generates a velocity error
signal to the drive system. Depending on this signal level, it may or
maynot be necessary to place a preamplifier before the servovalve. The
current input to the small torque-motor of the valve produces a force
which drives the first stage spool of the servovalve. This stage acts
as a pilot and hydraulically actuates the second stage of the valve, where
the main flow is controlled. The flow through the valve is very nearly
proportional to the current signal for most of the flow range. A flow
demandduring pumpidling will be supplied by the fluid stored in the
charged accumulator until the pumpscan increase their delivery to
the necessary level. The motors respond to this flow and pressure by
delivering a torque to drive the load. The velocity and acceleration
are measuredand fed back to the control computer to close the loop.
All hardware required for the system is readily available.
The primary problems will be in system dynamics. The dynamic
performance of hydraulic servos is generally muchbetter than that of
electric servos_ but the system variables have very strong interactions
and must be carefully analyzed.
For the system proposed in this study, an analytical model
was set up which includes manyof the parameters which affect performance
of hydraulic control systems. Figure 62 is a diagram of the model
used. The generalized analysis for this model was carried out and is
in such a form that it can be set up on either a digital or analog
computer for simulation studies. A digital solution of the fourth
7.40
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order differential equation describing the system will yield very
helpful analytical results. However, a much clearer picture of system
behavior can probably be obtained by analog computer simulation
techniques. Figure 63 is the operational block diagram of the system
before adding any compensation. No attempt has been made in this
report to explain each of these symbols. They are in general, the
variables and system parameters which are inherent in the choice of
particular components. The values of these parameters are obtained
from the manufacturers of the components. Figure 63 is included simply
to demonstrate the type of studies we would perform on the control
system. We would consider such simulation studies not only desirable
but mandatory in a thorough detail design of the simulator. Another
valuable study would be the simulation of the entire rotational and
translational servo systems. Such a task would probably be too
complex to handle with analog techniques, but could be handled by
digital simulation. Information of value here would be the effect of
interactions of one servo on another.
As in the translational system, the design is not yet
detailed enough to determine such things as the threshold of smooth
operation. This will be greatly affected by valve stictlon,
valve deadband, gear train inertia, motor breaka_ay pressure, and load
dynamics. The above simulation studies should answer many of these
que stions.
7.42
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7.2.3 Center of Gravity Correction Control
Correcting for the c.g. shift is a relatively simple
problem once the desired correction is known. Assuming that the
computation has been made by the control computer, the input to the
three position servos is an error signal propcrtiona! to the
difference between the desired c.g. position and the actual c.g.
position. In this case, the desired position is always the same,
namely the interaction point of the three gimbal axes.
The position servos are three orthogonal hydraulic cylinders
controlled by electrohydraulic servovalves. A schematic of
the hydraulic circuit is shown in Figure 64. Although a separate
hydraulic power source is shown in this distrain, the c.g. correction
drive actually uses the same fluid power supply as the servo drives
of the gimbal system. The power requirement of these cylinders
is only a small percentage of the total power requirement for all
three velocity servos and these three position servos. The main
difference between these two different servos is that for the
position servos, the motors are replaced by double-acting cylinders,
and the feedback tachoneter is replaced by an LVUr. The same state-
ments made about the rotational servos in regard to dynamic response
apply to the c.g. position servos. A position servo is inherently
easier to stabilize than a velocity servo, but some type of
simulation studies should still be made.
This section of the report has dealt with the sensing and
control of motion. In the next section the computer which interprets
the sensing information into control co-_an_ will be discussed.
7.45
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8.i General
This section of the report discusses the computer system needed
for the simulator. Although the safety of the test subject and c_erat-
ing personnel is an Important consideratic_ in the design of a_V simn-
lation or training device, it is perhaps the major consideration in the
design of the computer complex for the present system. In all other
respects computer requir_aents for the present simulator are less severe
than for many other existing large scale simulators and can easily be'
met by standard s cc_mercially available digital computers.
I
I
I
Further study and a more detailed definition of computer requlre-
, j
ments will be required before detail cu_ter computation time, menory,
and other requirements can be determined, and before a specific computer
may be selected. The primary purpose of this section is to outline the
functions which must be performed by the com_ter and discuss the factors
I
I
I
which must be considered in the final determination of the computer for
the present simulator.
8.2 Computer System Functions
As a mln_m requir_nent the cu_puter system must perform the
following functions.
I
I
I
8.2.1 In the external drive signal mode of operation, the ec_I_ter must
compute the velocity profile in real time and provide reference signals
to the nine major servos. The computer must also provide other minor
loop control signals for each of the nine major servos. These signals
would include information to the current limiters for the electric motors
I
I
8.01
and servo valve torque motors to limit the acceleration and velocity of
the servos to safe limits.
8.2.2 In the second major mode of operation or progrmn mode, the compu-
ter must provide reference signals to the servos based on the desired
reference motion for each of the axes. Depending on the memory capacity
available in the c_nputer, the complexity of the desired motion profile,
and safety considerations, the computer inputs could either be simplified
coordinate data precomputed by the simulation computer or an external
computer, or the fundamental equations for the desired trajectory. It is
possible that the c_nputer data input would vary depending on the type
of simulation problem. In any case, either the reference coordinate data
or the fundamental equations would be stored on magnetic tape and read
in either at the beginning of the simulation problem in the case of basic
equations or as the simulation problem progresses at periodic intervals
for preccmputed data° Detailed and complete information will be required
on the types and c_nplexity of tests for which the simulator will be
utilized and the c_nplexity of movable objects which will be placed in
the simulator area before this problem can be resolved°
8.2°3 Movements of the astronaut will cause both the moments of inertia
and the time rate of change of these inertias to vary. The movement of
the subject will affect the center of mass of the payload. As discussed
in Section 7, several possible methods are under consideration for sensing
the location of the subject's limbs so that c_nputations may be made for
determining the change of moment of inertia. The mnount of computer time
and memory required will depend on the method chosen. The center of
8.02
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gravity shift method discussed in Section 7 would require considerably
!
!
!
less COml_ter time and memory than the method utilizing the scan of a
three-dimensional matrix enclosing the astronaut. Factors such as the
cost, reliability, safety, and development time for certain of the
sensing methods should be given prime consideration in selecting the
method, and the c_ter time and memory requirements should be of
I
I
i
secondary importance. Since this computation m_st be repeated 5 to i0
times per second it could require from less than one to perhaps ten per-
cent of the computer time.
8.2.4 During certain experiments, fixed objects will be placed within
the sinmulation area. Taking into account the location, and shape of the
! physical objects and the location, range, bearing, and al_h velocity
of the astronaut from the fixed objects, the servo reference signals must
i
!
be modified to prevent collision between the astronaut and the fixed
object. From the safet_ standpoint this is the most crucial c_n_utation
that must be made by the computer. The amount of computer time and memory
i required will vary widely depending on the geometrical shapes of the fixed
objects, and the type of simulation problem. The requirements for this
!
i
computation alone would appear to limit the system to a general purpose
digital co_puter and will, to a large degree, determine the re_u_cy
required in the com_uter area. Further informstion will be required on the
!
number and geometric shape of fixed objects before a detailed estimate of
computer requirements in this area may be made; however, it should be
i
!
e®zphasized that this CO_l_At_tion will have _ _Jor effect on the co_lexi-
ty and size of the computer system.
!
8.03
8.2o 5 The equations of motions of the glmbal arms with respect to each
other must be solved. This computation must be included in the overall
servo loop computation in order to achieve a constant angular velocity
of the payload in the glmbal syst_n.
8.2.6 As discussed in greater detail later in this section, the overall
computer system will include a multiplexer, analog to digital converter
and associated control logic for digitizing signals frum analog trans-
ducers. It may be necessary to compute calibration corrections for
certain of the transducers. Even though the transducers will be sensed
ten times a second, this item will require an insignificant amount of
computer time and memory.
8.2.7. To insure the safety of the astronaut the computer complex must
include a subroutine to continuously check the operation of the computer
mainframe in real time, parity, check sum, block length, and perhaps other
checks on the read in of the basic program and other data fr_n the magne-
tic tape data and possibly the use of error checking or error correction
codes on input data. As a minimum the analog to digital converter and
associated equipment should include reference inputs which are digitized
each scan cycle to check the A/D converter and multiplexer. Until a
reliability analysis proves otherwise, it should be assumed that dual
transducers will be provided for any parameter which could affect the
safety of the astronaut and that, in the read-in of data, redundancy will
be provided to the extent necessary to insure safety of operation.
A detailed reliability analysis may indicate dual computers
operating in parallel would be necessary to achieve a high probability
of safe operation.
8.04
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8.2.8. Other computations as outlined below will probably be necessary.
It is believed that these computations will require a minor portion of
the overall computer time and mmnory. Linear and angular acceleration
and velocity possibly will be displayed on the operator's console.
Although these signals could be obtained directly from the transducers
it may be desirable to display these parameters via the computer for
safety reasons. Indicator lights will be provided to indicate to the
astronaut that he has exceeded the safety limitations of the system.
For simulation tests which include a space capsule, certain outputs will
be required fr_n the main computer to the space capsule.
When the astronaut is using a self-propulsion unit, it will be
necessary to measure the mass rate of flow from the propulsion unit and
to subtract this mass from the initial mass of the astronaut. This cor-
rection must be included in the overall conputation for the velocity
profile.
8.3- Ccmputer Selection
The c_nputer requir_nents for the simulator may be characteri-
zed _y a large n_nber of mathematical computations made in real time at
a rate of probably ten times per second, a relatively small number of
input signals from the simulator system, and a relatively small number
of output signals. The requirements for display of information at the
operator's console are minor. There are al_Parently no requir_aents for
data analysis in real time and any off-line analysis would probably be
performed by the NASA data center.
8.05
!Due to the complexity of the simulator and the potential
hazards to the life of the astronaut, safety is above all else a primary
consideration in the selection of the computer complex.
8o3.1. The use of an analog computer, a hybrid system consisting of a
digital computer and associated analog computer# and a complete digital
system were considered. The advantages and disadvantages of each of the
above configurations are discussed in detail below° The majority of the
computations required for the control of the simulator could be performed
by an analog computer. A standard analog computer system consisting of
standard analog computer components including integrators, multipliers,
and other standard components could be used to solve the required equations
for the control of the servo system° The complexity of the computation
and the band-width of the servos are well within the capabilities of a
standard analog computer.
It would be extremely difficult, if not impossible, to solve the
problem of avoiding collision with fixed objects using analog computer
techniques. Furthermore, the reliability and self-checklng features
required probably could not be included in an analog computer system.
In an analog computer system, the failure of one integrator or other
system component could result in serious injury to a trainee° Other
factors which would tend to limit analog computation are the possibility
of errors in patching in the components of the analog system. An error in
patching in system components could result in false computation and cause
serious injury to the astronaut or possibly wreck the equipment. The
inherent limitations of computation accuracy with an _nalog computer
8.06
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could also pose limitations in the present system. However, based on
safety considerations alone, the analog computer should be eliminated
from consideration.
8.3.2 A second possible computer configuration w_id be a hybrid system
I
I
I
consisting of a digital comlmter and an associated analog computer for
the rel_=titive computations. Utilizing a hybrid system, the ccm_utations
which must be performed ten times per second for control of the servo
loops could be made by the analog section and the digital section could
be used to perform basic trajectory computations and the avoidance of
I
I
l
fixed objects. Hybrid systems have been used for simulators similar to
the present and from the economic standpoint, it is likely that the
hybrid system could be provided at minimam cost. The hybrid system
should be investigated in further detail; however, the problem of astro-
naut safety and reliability would have to be carefully weighed against
I those functions which could be performed by the analog section. It is
believed further study would eliminate a hybrid system on the grounds of
I
I
astronaut safety.
8.3.3. The next system configuration considered was the use of a general
purpose digital computer. Before discussing the detail requirements of
I the present simulator it would be well to enumerate the re_Airements for
digital com_uters utilized in the solution of real time simulation and
I
I
I
training problems. In recent years, the state of the computer art has
advanced to the point where digital coml_Aters of sufficient memory capa-
city and cc_nputation speed are available to allow the construction of
simulation systems which could not have been Justified economically several
I 8.o7
years ago. Computers presently available are designed primarily for the
solution of scientific problems and do not contain an optimum configura-
tion for real time applications. A computer designed specifically for
real time applications would differ from the presently available scienti-
fic computers in several imlx_rtant respects. The real time computer
would have a reduced capacity for mathematical operations, a larger number
of logical instructions,a much more flexible and extensive input-output
capability and a much more flexible interrupt capability (for external
signals). These characteristics are of course relative and it is not
meant to imply that a real time control computer would not, for example,
include floating point instx,_ctions for mathematical computation. The
following general requir_nents listed for a real time computer are based
not on the characteristics which should be included in a real time computer
but those factors which should be considered in selecting a general purpose
scientific computer for real time applications.
8.3.3oi. Asynchronous input-output with a minimum of two input and two
output channels. A large number of input-output channels is usually
desirable. An inlet-output data transfer rate approaching the basic clock
rate of the computer. A reasonably extensive group of logical instructions
included in the instruction capability. A basic computer clock cycle of
one to twenty microsecondsj an add time of one to forty microseconds and
multiply time of ten to i00 microseconds.
8.3.3 o2. A magnetic core memory. Computers containing drum memories or
other non-random access types should be eliminated frmm real time applica-
tions due to the problem of optimizing memory access for minimum computa-
tion time.
8.08
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8.3.3.3. An interrupt capability. The ability to quickly interrupt the
program and Jump to a freeze routine when certain external conditions are
sensed would be especially useful in the present system.
8.3-3-4. A real time clock. The clock increment should be a a_ of
1/60 second.
The present al_lication differs from most simulation systems
in the sense that the inpAt-output requirements for the computer are
unusually low and in turn the mathematical computation requirement is
unusually high. It is likely that any computer without floating point
instructions would not meet the time requirements for the present
application. Further detailed definitions of the specific requirements
outlined earlier in this section will be required before detailed memory
and time estimates can be made and s_ecific reccamendations made for a
computer for use in the present complex. Based on a very limited analysis
of the present requir_zents and primarily on previous experience for
similar systems, it is believed the computer requirements will lie sume-
where between the range of a "medium-sized" and "large-sized" general
Hurpose computer. Data on several computers which appeared to be within
the range of requirements for the present application and which include to
some degree the requirements discussed above for real-time use are tabula-
ted in Table 14 Based on a very limited analysis of time and menory
requirements, the computer requirements cannot be defined except to say
that they will vary frmn a medium to a large comlmlter in complexity.
Depending on the detail requirements the com_uter required could vary in
size by a factor of at least 4. However, as an Ul_Perbound a computer
!such as the CDC 1604, IBM 70903 or other computers in this class should
be more than adequate for the present application. As a lower-bound it
is thought a computer at least of the size CDC 924 would be required.
From the cost standpoint, an optimum configuration for the
present application could consist of a medium sized computer with several
small satellite computers such as the Scientific Data System's 920 or
other computers of this class. Systems similar to the present system have
been implemented, utilizing several small computers of the class of the
SDS 920. If operator safety was not a prime consideration, such a con-
figuration could probably be utilized to provide a computer complex at
minimum cost. However3 the extensive check and monitoring routines
necessary and the checks necessary for data transfer should be carefully
considered in evaluating a multi-computer complex. Since the present
system is characterized by a very limited Input-output requirement and
extensive mathematical computations and limited logical type computatlons,
it would be possible to utilize an IBM 7090 computer in the NASA Data
Center complex as the computer for the simulator. This method would pose
problems both in the allocation of Data Center computer time and in testing
and debugging the overall system. The simulator system would require A/D
conversion equipment and a limited amount of data translation equil_ment.
The reliability of data transmission for a distance of more than a few
thousand feet between the computer and the simulator would also have to
be carefully considered from a safety standpoint. If time is available on
an IBM 7090, the elimination of a central computer from the present system
could result in a reduction in the cost of the overall system. Another
I
I
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TABLE 14
COMPUTE_ CH_CTERISTICS
C_nputer
Word Size,
Bits
I
Control Data
16o4
IBM 7090
Honeywell
800
_8
36
48
Control Data 24
Ramo-Wooldrige 15-45
Rw 13o
Scientific
Data 920
Computer
Control
DDP-19
211-
19 I
!
Memory Size, Cycle Time,
Thousands of /j Sec.
Words
8-32 4.8
32 2.2
4-32 6
8-32 6.4
8-32 6
2-16 8
4-16
Add Time,
p Sec.
6.4
9.3
12
16
lO
Notes
2,4
3,4
i,3,1_
3,4
3,4
Notes : i. Stored logic type computer.
2. Accepts floating point instructions.
3. Does not accept floating point instructions.
4. All cumputers listed have asynchronous input/output and
program interrupt.
8.11
possibility, if a limited amount of time should be available on the
Data Center IBM 7090, would be to provide a minimum size simulator
computer and to utilize the cQmputer complex IBM 7090 computer for those
classes of problems which require computer capability in excess of the
simulator computer.
8.3.4. A block diagram of a possible computer complex containing a
general purpose digital computer is shown in Figure 65. It is assumed
that card-to-tape equipment and printer facilities would be available
in the NASA Data Center for program testing and debugging and therefore,
a printer and card equipment is not shown in the present complex. As
shown in Figure 653 the system consists of the central computer, a magne-
tic tape system which could consist of a minimum of one transport or
could contain several transports if there is a requirement for recording
test data for later analysis or if certain problem parameters were pre-
computed prior to the start of a test. The computer would contain the
normal control and maintenance console and as a minimum an associated
typewriter for testing, monitoring and debugging purposes° The inputs
from the simulation complex would consist of transducers measuring position,
velocity, acceleration, and other parameters as shown on Figure 65. All
input data are either in analog form or digital data from shaft encoders.
Further investigation of system reliability and transducer characteristics
might indicate that certain syachro inputs would be required. Based on a
band width of two cycles for the servo systems and considering lags in the
servo loop and data transfer lags, it is assumed that the basic ccQputation
cycle would be lO0 milliseconds. The analog inputs would be sampled each
8.12
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,..b
i,
1
Ii00 milliseconds during the first lO milliseconds. For forty inputs
this would require an analog-to-digital converter with a conversion rate
of 4 KC. The conversion speed requirements and accuracy of the multi-
plexer, A/D converter, and associated equipment is well within the capabi-
lities of presently available, reliable equipment° If the computer
selected has several input-output data channels no buffering will be
required between the converter and the computer. If the computer is
limited with respect to input-output channels, a small asynchronous
magnetic core buffer would be required between the A/D converter and the
computer. The digital input data consists of linear displacement and
angular displacement shaft encoders which would be sampled each lO0
milliseconds with a scan rate of one KC o Six milliseconds would be
required to sample all digital transducers° To achieve the required
servo dynamic performance it would be highly desirable to sample the
shaft encoders and the other analog transducers at approximately the same
interval in time° If sufficient input-output channels are available no
buffering would be required between the central computer and the scanning
logic° The only other inputs to the computer would consist of commands
from the operator's control panel and commands from the test subject to
stop the system in case of emergency. This data would probably be sampled
at a rate of once per second. For safety reasons it will be desirable to
sample a number of parameters such as pressure, flow rate, voltage, current,
etc0 to provide a continuous monitor of the overall system. The numbers
and types of parameters sampled is not known at this time, and it is
possible that some of these parameters should be sampled at a rate of
8.14
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ten times per second. However, for such l_rameters as voltage, current,
pressure, and flow, a sample rate of once per second should be more than
adequate.
The outputs from the computer would consist of servo error
I
I
I
signals for the nine basic system servos and other signals such as accel-
eration and rate-limiting signals for the servos. These si_s would
be provided in analog form and would be updated at a rate of ten times
per second. A limited amount of data such as safety status indicators
would be provided on the operator's control l_nel. Certain l_a_meters
I
I
I
such as linear and angular velocity and aaceleration could be provided
on the operator's control Imael by the com_uter or directly fr_n the
transducers. Indicator lights or other type of indicators would be_pro-
vided for the astronaut to indicate that he had exceeded the limitations
of the system. These outputs would probably be updated at a rate of once
i
I
I
per second. Output signals would also be required at a ten per second
rate to stop the system in case of system malfunction.
To insure astronaut safety it will probably be desirable to
provide redundant transducers for critical inputs and either provide a
redundant D/A converter and multiplexer or, as a minimum, _de a test
reference voltage at the beginning and end of the scan cycle. In addition,
it will probably be necessary to monitor the computer outputs at the output
I
I
I
of the D/A converter or at some point further along the control loop to
avoid catastrophic failure. A detailed study should be made in this area
with more information than presently is available on the overall system.
As a minlmum the central computer should contain an extensive real time
8.15
III ii
test and monitor routine. This routine should probably be entered
several times a second. In addition, it may be desirable to perform
certain critical computations twice or use two independent methods of
cc_utation. Although it will probably not be required, consideration
should be given to the provision of a parallel cc_er to provide the
utmost in safety. Although at the present state of the art, digital
computers and associated peripheral devices are highly reliable, it may
be necessary to place a numerical value on the probability of the computer
system determining a catastrophic failure and freezing the system. The
important consideration here is not the mean time to failure but the
ability to sense an unsafe condition and immediately freeze the system.
8.3.5 To achieve the required degree of safety, special attention will
have to be given to the testing and debngging of the overall control program
and to the programming of test data. Extremely thorough and detailed
testing and debugging both of the co_puter program and of the overall
system will be required when the location or type of physical objects
within the simulation area are changed. Even if the overall system were
carefully designed to provide the maximum possible redundancy and other
safety features were included, a subject could be injured by an error in
progra_ning in the x, y and z coordinates of a fixed object.
The overall system should also include an automatic test system
to thoroughly check the central cumputer, peripheral equipment, transducers
and other system components prior to the start of a test and possibly at
periodic intervals during a test oflong duration. This automatic test
system should include tests under worst case variations of supply voltages
8.16
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for the central computer and associated equil_nent. The major emphasis
should be placed not on determining components which approach the limita-
tio_ of accuracy but on catastrophic type failures.
8.4. Conclusion
As in the case of other areas of study of this simulator, much
more detailed information on the desired use of the system would have to
be available before a detailed computer configuration could be attempted.
8.17
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9- SAFETY CO_IDERATIOES
9.1 General. Throughout the design study, we have consciously favored
those configurations which were inherently safer than others. A
number of our rating criteria for evaluating various general configura-
tions (see Table 2, Section 4) reflect this concern. The ability to
include fail-safe devices and mechanical safety stops, the requirements
that the harness for the man-support mode be able to Support the trainee
in any attitude and the requirement that the system must include a
manual emergency stop which can be actuated by an outside operator are
listed as essential requirements. Failure to meet any one of these
requirements eliminates a design from further consideration. Other
safety considerations which were not ccrmidered essential, but which
affected the comparative evaluation of various designs for the simulator,
included the ability to incorporate programmed soft stops and system
override with maximum acceleration and velocity limlt% and provision for
rapid access to test subject.
9.2 Method of Programming Soft Stop.
The normal maximum linear velocity of the simulator is 15 fps.
If we assume that, by some accident, the drive systems for all three
components of translation are simultaneously commanded to move at their
maximm, velocities, then the maximum velocity that the man can move
is (152 + 152 + 152) 1/2 = 26 fps. We have shown in Section 3 that a
human can easily tolerate a deceleration of 2g. Let us assume that
we wish to prevent our astronaut from striking the motion stops of the
simulator or an object within the simulator building by applying a
9.01
constaat 2g linear deceleration. The distances from the stops at
which this acceleration must be applied to avoid striking are shown in
the following table for various velocities up to the limit of 26 fps.
Velocity,
i
5
i0
2O
26
Stopping Distance,
ft.
o.oo77
O. 205
0.77
3.10
5.18
The soft stop could be programmed in the following manner :
i) As the simulator operates, the magnitude of linear velo-
city and the location of the payload are continuously monitored from
velocity and displacement sensors located on appropriate parts of the
simulator translation system.
2) The required stopping distance is continuously determined
from data pre-computed as in the above table and stored in the computer
memory.
3) When signals frem any of the displacement transducers
indicate approach of the payload to a motion stop or to an object within
the building, brakes capable of achieving a 2g deceleration are applied
to the appropriate translation drives.
With such a method, essentially all of the travel of the translation
system can be utilized at low velocities, even though the system for
achieving the soft stop is operable. At maximum velocities, no
9.02
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interference with desired motion occurs until the main translatica
mechanisms are within five feet of their stops.
I li I
!
I
!
9.3 Fail-Safe Considerations
The physical confines of the simulator room impose a simple
limitation on translational motion. In addition to the programmed soft
stop system, mechanical safety stops must be built-in to prevent the
gimbal structure or payload from ever touching the walls or floor of
l
I
I
the building. An approach margin of about two feet would probably
prove acceptable.
The soft stop system will allow the astronaut or simulated
spacecraft to approach an object in the simulator building, or to push
off from such an object, provided linear velocity of the simulator is
I
I
I
low. But, if a large external torque is applied or a large angular
acceleration is programmed while near such an object, nearly pure
rotation can be achieved with little translation and elements of gimbal
system can strike the object. This cannot be allo_ed. The information
that the center of the gimbal system is near the object and data on the
i location of the gimbal arms must be fed to the computer to restrict
the angular motion and avoid such collisions. In same instances, severe
I
I
I
reduction in fidelity of motion will occur, but this sacrifice must
be permitted in the interests of safety.
Another fail-safe feature of the simulator should be the
inclusion of positive brakes for all motions which are automatically
actuated in the event of power failure. These brakes could be spring-
I
i
actuated, and held in the open position by solenoids or by hydraulic
pneumatic cylinders which are vented on power failm-e.
9.03
or
ISince the drive for motion in the x-direction must move the
entire simulator structure, the vertical trusses on either side of the
simulator building will be driven simultaneously by separate motors. In
the event that the motors on one side stop, the motors on the other side
could continue to drive and cause the structure to fail. Partial pro-
tection against this eventuality can be provided by electrical inter-
locks which will cut the power to all motors. However, a more positive
method is simply to design the vertical and cross trusses to carry the
loads imposed in the case of such a failure. Since the structure will
already be considerably overstrength to achieve the desired stiffness,
this should not prove difficult.
Some safety features will be inherent in the simulator design.
For example, the drive motors will undoubtedly be quite incapable of
applying torques which will damage the simulator structure or achieve
dangerous accelerations, since we will wish to achieve a minimum weight
design and cannot use motors with excess capacity.
9.4 Emergency Safety Devices
In addition to the built-in, fail-safe devices noted above,
various types of emergency safety devices must be incorporated in the
machine. Emergency stop override controls should be provided for both
an external operator and the astronaut being trained in the machine.
The motion stops should be equipped with devices which limit deceleration
loads such as springs, hydraulic snubbers or frangible blocks. They
would allow quite high, but tolerable, levels of deceleration of the
human payload. There are quantities of data in the literature of shock
9.04
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testing which would allow adequate design of these devices.
One class of simple emergency devices which should be included
in the simulator is fixed access ladders and catwalks built into
the structure and allowing reasonably rapid access frcm the floor or
observation balconies to the center of the gimbal system. These would
probably be preferable to more ccmplex devices for achieving rapid
access.
9.05
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i0. BUILDING DESIGN
The requirements of the building for this Space Motion
Simulator, being fairly straight-forward, do not warrant exotic
materials or construction techniques. Standard materials, techniques,
and practices can be used without compromising the performance
characteristics of the simulator and for minimum cost.
The following is a summary of the more pertinent rcquircmcnbs
for this building:
1. The floor and sides of the building must be free of all
obstructions to permit complete freedom of the simulator within the
limits of the building area.
2. The building support structure must be sufficiently
rigid so as not to reduce the natural frequencies of the simulator
structure, particularly during acceleration and deceleration of the
simulator.
3.
4.
Access must be provided for materials, and equipment.
The ceiling should be relatively free of obstructions
to permit a static celestial display.
5. An observation area is required without interfering with
the motiom of the simulator.
6. An area must be provided for the _tructor and
the instructor's console.
7. An area is required to house the computer equipment.
8. The inside surface of the building must be coated
,!
with a relatively low emissivity coating.
lO.O1
9. An equipment rocm for housing motor generators and
associated control equipment must be provided outside the confines
of the test area.
The following is a description of the building for this simulator.
Standard materials, techniques, and practices are used throughout. This
building is illustrated on the following page. No detailed analysis for
the building concept is shown since its design is well within standard
practices.
The foundation is of monolithic reinforced concrete. Detail
analysis accomplished during final design would show all loads imposed
on the foundation. Should the horizontal loads be excessive, high load
capacity foundations (such as piles, caissons, etc. ) could be added without
difficulty and without affecting the interior of the building. Boring
data, spoon samples, relative density of all soils encountered in depth
(standard penetration test results) and ground water tab1_ data would
be required for final design. Displacement type caissons, driven
vertically or on a batter, can withstand unusually high horizontal
forces or pressures and, when fully reinforced, provide substantial
"uplift" resistances.
The basic framework for the building, as illustrated in
Figures 66 and 67, is a rigid steel arch. To provide added rigidity,
the vertical column is embedded in a concrete pier. The roof or top
section of the frame is ex_osed. A lateral beam is provided between
each pier at the point of the gantry @upport rail for increased
rigidity. The walls of the building are non load bearing and are
10.02
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
i
Ii
!
_IRCRAFT _RM_MENTS, Inc. [
modular building panels such as Tect_n building panels or
equivalent. The roof consists of pre-stressed concrete roof planks
! with an overlay built-up roofing. The floor,roof, and interior
of the building are free of obstructions. The floor is a reinforced
I
!
I
concrete slab. The inside of the building is painted a flat black.
Access is provided at one end of the building for hs_ of materials
and equipment.
The inside contour of the roof is parabolic in cross-section.
At this time, this is the extent of the contouring of the walls and
!
i
!
!
!
!
roof to provide a fixed celestial display. Additional investigation of
the visual cues discussed in other sections of this report will reveal
the desirability of additianal contouring.
The basic building support structure provides unobstructed
motion of the sinmlator throughout its motion limits. The very nature
of the rigid building support structure is sufficient to preclude
transmission of vibration through the support structure to the
simulator from external sources; however, during the detail design
and analyses of the building, the requirement for vibration isolation
should be thoroughly evaluated.
I
I
I
Areas are provided for observation, instructor and
instructor's console, air conditioning, power system, instrumentation,
and for computer equipment. The instructor and instructor'_comBole
are located so that observation and control can be provided throughout
the motion limits of the simulator. Lights from the instructor's
I
console are adequately shielded so as no_ to interfere with the training
mission,
zo.o3
Emergency rescue systems must be provided for adequate safety
during the various simulation missions. Power shut-off, rescue ladders,
and provisions for safety personnel will be provided in this building.
The concept of this building fulfills all the basic requirements
for performance, simplicity, and economy.
lO.O4
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FIGURE 66
OVERALL VIEW OF SIMULATOR AND BUILDING
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ii. DISCUSSION AND CONCL_IO_
II.i General Conclusions
Thr__ghout this design study, we have attempted to use
very conservative assumptions and analyses, and to consider only
the use of hardware which is readily available. Using this design
philosophy, we reach the primary conclusion that the device appears
to be feasible, provided that NASA is willing to accept some
reduction in size. There are a number of limitations to the device,
some of them fundamental and some _hich are imposed by certain of the
design requirements, which we will discuss in Section 11.3. The
simulator will undoubtedly be a very complex and costly device.
Other general conclusions which we have drawn as a result
of this study are listed below:
i. Motions should be driven and servo-controlled in all
six degrees of freedom.
2. The structural configuration for achievin6 translational
motion is a modification of the gantry crane system (Basic System II).
3. The structural arrangement for achieving rotational
motion is a conventional gimbal system employing half-circle elements
for pitch and yaw gimbals, and a short cantilevered column for roll
motion.
k. D.C. electric drive motors are recommended for drive of
all translational motions.
5- Aircraft-type hydraulic motors are recommended for drive
of all rotational motions.
Ii .01
6. Interchangeability of man-support and spacecraft-support
systems can be accomplished at the innermost (roll) gimbal element,
with no change of drive motors.
7. A system for correction of center of gravity should be
included in the man-support system, but is not necessary in the space-
craft-support system.
8. A large digital computer, such as the IBM 7090, will
probably be required as part of the simulator.
Other specific conclusions regarding desirable upper and
lower limits of velocity and acceleration for the device, sensing and
control systems, programming of motion, safety considerations, and
buil_ing design are included at appropriate places in preceding sections
of this report, as are recommendations for use of specific kinds of
hardware and types of transducers.
11.2 Mission Capabilities
The missions which this simulator is to accomplish were given
in the Statement of Work, and paraphrased in Section 2 of this report.
Rather than repeat these missions here, let us merely state that we feel
the simulator will be capable of accomplishing adequate training and
simulation in all of these missions, subject to certain limitations
discussed in the next section.
11.3 Limitations on Device and Necessary Compromises on Design
Requirements.
One limitation of the device is the reduced size which
we feel is required to keep the structural weight and drive power
within manageable limits. We believe that a simulator with vertical
ii. 02
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travel of 70 feet, transverse horizontal travel of 75 feet, and
longitudinal horizontal travel of 200 feet cam be built to achieve
reasonably goo_ simulation of linear and angular motiom at the
upper limits established in Section S. However, as we will note
in Section 11.4, there is a strong possibility that this restriction
can be relaxed or that structural weights can be reduced markedly
I
I
I
if we employ a new, but proven, technique in structural design which
has not heretofore been used in construction of motion simulators.
The requirements for safety of the astronaut undergoing
training in the simulator will in some cases unavoidably interfere
with proper simulation of motion. This restriction will apply primarily
I
I
I
when the astrcmaut applies nearly a pure torque under his own muscle
power, or has a torque applied to him, while near an object (such
as a simulated spacecraft) located in the simulator rocmo
Although the simulator is not primarily power-limited, some
angular accelerations of gimbal elements required to properly simulate
I
I
I
angular motion cannot be achieved, regardless of power, near the
gimbal-lock positions. The necessity of finite angular acceleration
of these elements will undoubtedly lead to spurious angular motions at
times, unless somewhat exotic or complex modifications of the gimbal
system are adol_ed to overcome this problem.
I
I
I
There are several inherent limitations in the sensing
system. This system cannot _etect the difference between a vertical
component of force applied to the simulator payload, a_l a change
in weight of the payload, such as would occur if a trainee dropped a
i1.03
a wrench. The sensing system would interpret the latter event as a
suddenly applied constant vertical force, and would cause accelerated
upward motion of the astronaut. This limitation can be circumvented
by tying all tools to the trainee with short lines. The sensing system
is also unable to detect change in vertical location of the c.£. of the
trainee. However, this limitation is only apparent, and can be
compensated by the c.£. correction system in the manner described in
Section 7.
The support harness for the man-support mode will undoubtedly
restrict the freedan of motion of the trainee, if it is to provide safe
support in all attitudes. The primary restriction will probably be in
partial or complete immobilization of the torso. Arms, legs, and head
will all be relatively free to move.
Some lag in response of the drive and control system to signals
from the sensing system will be unavoidable. However, we believe that the
system can be built with small enough lags to avoid interfering
seriously with accurate motion simulation.
A very difficult motion to simulate accurately in this device
is rotation in the man-support mode. Since a man can change his mass
moment of inertia quite radically about almost any axis by body
contortions, rotation with no applied torque involves change in angular
velocity. Since our proposed methods of sensing the man's moment
of inertia are complex and at best approximate, appreciable inaccuracies
in simulation of such rotation will be difficult to avoid.
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11.4 Recummendations for Further Work
11.4. i General
Additional work which should be accomplished in connection
with desiga of this simulator can be divided into three categories.
The first category includes those items which require further study
before detailed design of the simulator can be undertakem. The
second category consists of these items which can be accumplished
during detailed design. The third category includes several concepts
which may require considerable development before they can be applied
to the simulator, but which show prumise of markedly reducing
complexity, cost or weight of the device, or of markedly increasi_
its utility.
11.4.2. Work to be Accamplished before Detailed Design
I. The first item in this category can greatly affect the
entire design of the simulator, allowing large reduction in structural
weight and consequent reduction in power and weight of the drive
systems. In our analysis of the structure and of the drive system,
we assumed that the structure must have a m_n_,.., fundamental vibration
frequency at least five times the maximum forcing frequency which can be
generated by the dr_ve system. This separation was predicated on the
inherent assumption that the simulator structure was lightly dam_d,
and that we must therefore avoid any forcing frequencies which approached
the resonant frequency of the structure. However, if we could have
ass_ned that the structure were heavily damped, we could have m_rkedly
reduced the frequency of vibration of the structure, to a value near the
ll.05
|maximum forcing frequency of the drive system. Since the structural
design is stiffness-controlled, reduction of the fundamental frequency
from lO cps to 4 cps would allow marked reduction in structural weight.
Structures can now be heavily damped at any given frequency
with minimum increase in weight, by techniques which employ viscoelastic
damping materials. These techniques are discussed in some detail in
references 23, 24, and 25. Using such materials, it is possible to
achieve damping of up to 0.5 of critical with weight addition of lO to
15 percent. We therefore strongly reccmmend that such heavy damping
be included in the structure, and redesign be accomplished to achieve
the lower frequency of about 4 cps.
2. The second recommendation for further study prior to
detail design concerns the acquisition of additional data on human
biokinetics. More information should be cbtained on possible types of
pressure suits and extra-vehicular suits which astronauts will use,
and on the restricting effects of such suits. Our present experimental
equipment could be used to evaluate the motion capabilities of astronauts
in such suits, and more accurately define the desired upper limits of
motion for the simulator.
Measurements of rotational limits of motion should be
made, using a slightly more sophisticated version of our present test
equipment.
3. Further design and experimentation on the man-support
harness should be accomplished prior to detailed design of the simulator.
The existing harness can be attached to the test Jig as shown in Figure 68,
11.06
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MAN SUPPORT HARNESS TEST FIXTURE
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and a test subject supported in various attitudes to determine his freedom
of motion and comfort (or lack of comfort) in the harness. Modifications,
such as partial articulatioa of the back plate, should be investigated.
11.4.3. Work to be Accomplished During Detailed Design
1. During detailed design, it appears essential to
conduct detailed computer analysis of time histories of velocity,
acceleration, torque and power of all parts of the simulator structure
and drive systems for typical mission profiles.
2. We were not able during this design study to establish
thresholds for smooth operation of the device, because these
thresholds are heavily dependent on the details of design of _tructure,
drive and control systems. Such lower limits can only be estimated
after thorough detail design of the entire simulator has been
acccmplished.
3- During detailed design, structural weights can undoubtedly
be reduced even further by techniques other than that discussed in
Section 11.4.2. Refined structural analysis, ccasiderlng trusses
of variable cross-section and more realistic boundary conditions for
vibration analyses, will reduce weight. Use of lighter structural
materials, such as magnesium-llthium alloys or fiberglass-reinforced
o
plastic, may also _educe weight.
4. For those elements of the structure which are so
complex in geometry that no good estimates can be made of their
fundamental vibration frequencies, we would recommend construction
and test of dynamic models during detailed design.
ll.09
5. To evaluate possible drive systems and associated servo-
control, we recommend analog simulation of individual drive systems
for each degree of freedom and the c.g. correction system.
6. During detailed desig_ a thorcugh evaluation of various
possible computer configurations should be made to obtain an optimum,
based on other specific items of hardware in the system.
11.4.4 Development Concepts
i. For the translational drives of the simulator, sig_uificant
savings in weight for given drive power might be achieved by use of "linear
electric motors," described in reference 26.
2. A method of reducing line inductance of the electric
drive motors which might bear investigation is to design separate
carriages for the motor-generator sets which supply power to the drive
motors. These carriages wculd approximately track the main gantry.
3. To avoid the problem of gimbal lock, more complex gimbal
systems employing four or five movable elements could be considered.
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TEST EQUIPMENT FOR MEASURING FORCES GENERATED BY HUMAh_
k_LILE TRACTIONLESS
The test equipment described in this appendix was used to
simulate the tractionless aspect of a zero-gravity environment.
The most important effect of this tractionless condition is the
inability of the man to transfer horizontal reaction forces and
vertical component of torque between his body and the surface which
carries his weight. These components of externally applied force
and torque are resisted cnly by the man's inertia.
To simulate this condition, an air-bearing pallet was built.
Figure A-1 and Figure A-2 are close-up views of this device. The
pallet is supported on three "pads" of high pressure air supplied
through the center of the discs shown in Figure A-2. The coefficient
of friction between these discs and the aluminum plate is extremely
small--of the order of lO times as slippery as shoes on ice.
One of the design features of the pallet is its small
mass and moment of inertia compared to that of the Inmmn which it
supports. Thus, only small errors are introduced in linear and
rotatiomal acceleration of the man-pallet eambination campared to
that of the man alone.
The construction utilizes a 1/2 inch thick plywood top
mounted on a light tubular alt_ninum frame. Figure A-2 shows the
air supply tubes within this tubular framework. The three aluminum
discs are connected to these tubes with short lengths of flexible
rubber hose. This arraugement permits the axis of the discs to bend,
A-1
allowinE the discs to seek a ccemo_ plane. This feature is shown in
FiEure A-1.
The air for the pallet was supplied at ii0 psig from a i0 hp,
75 cfm compressor. With air at the above pressure, the cushion of air
supporting the discs is approximately 0.001 to 0.002 of an inch thick.
Higher operating pressures should make the clearance even greater.
The greater the clearance (or supply pressure), the less perfect the
surface that can be used for the pallet to ride on. At the pressures
used for these tests, it was found that a i/2 inch thick, cold-rolled
aluminum plate had a satisfactory surface with no further surface
preparation. The only operation necessary Was to level the plate with
shims, using a _urveyor's transit to determine level to within 1/32 of
an inch.
The operating characteristics of this device closely approximate
true lack of traction. According to Newton's First Law, if there are no
forces on a body, its center of mass will not change its velocity.
Therefore, if the test subject were to move the top half of his body
to the right, the bottom half should move to the left, so that the
position of the c.g. does not change. This is exactly what happens
on the air-bearing pallet. Likewise, if the top half of the body is
rotated or twisted to the right, the bottom half will twist to the left.
The angular displacement of the two parts of the body from the original
position is dependent on the moment of inertia of each part. The device
functions so well that involuntary tremors of one part of the body result
in opposite motions of the other parts. With any appreciable traction,
this would not be true.
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IIt will be noticed in Figure A-I that the air supply is
delivered through a hose that is attached to the platform from overhead.
This hose presents negligible resistance to linear motion, and negligible
resistance to rotation within + 360 °. Beyond these limits the hose begins
to twist around the test subject, acting as a torsional spring and
hampering the motion of the subject.
The capability for frictionless motion must be supplemented
with the ability to measure the forces which the man exerts to impart
motion to himself. A force-measuring platform was designed and built
for this purpose. It is shown in Figure A-3. This device is capable
of measuring forces over a range of approximately one pound to 3500
pounds, irrespective of location of the point of application within the
2' by 2' square platform top. This particular design records only
the component of force perpendicular to the platform.
The design is based on sensing the strain induced in four
cantilevered beams which support the top platform and transmit applied
force to a rigid base frame. Each beam has a set of strain gages which
measure the tensile and compressive strains due to bending. The sum
of the outputs from the four sets of strain gages is proportional
to the force applied perpendicular to the platform.
Because the range of anticipated forces was greater than
c_uld be accommodated by a single set of cantilevered beams, two
interchangeable sets of beams were employed. The smaller set of
beams covers a range of forces from one pound to 350 pounds, while
the beams of heavier section cover a range from lO pounds through 3500
pounds.
A-6
I
I
I
I
I
I
I
I
I
I
I
I
I
I
l
I
I

One desirable characteristic for a device of this nature
is that it have a frequency response high enough to accurately fellow
the transient phenomena being measured. This is accomplished by mking
the structure as stiff as possible, while still maintaining the required
sensitivity. As the required sensitivity increases, the stiffness of
the beams, and hence the natural frequency, decrease. For the heavier
beams, the natural frequency is approximately 260 cps, _hile for the
lighter beams, the natural frequency is approximately 45 cps.
Motion information can be extracted from the force-time histories
in various ways, as discussed in Section 3. Another method of obtaining
data on the motion of the test subject is achieved by placing accelercmeters
at various locations on the subject and on the air-bearing pallet. For
the purposes of these tests, the motion of the center of gravity is
the important factor. Accelerometers were placed at two different
locations depending on whether the subject was standing, sitting, or
supine.
For the standing position, an accelerometer fastened to a web
belt was placed around the subject's waist. The accelerometer faced
forward with its sensitive axis along the ventral-dcrsal axis
approximately at the navel. This position was assumed to be close to the
center of gravity.
For the sitting an_ S_pime positions, accele_mmeters mounted
on the underside of the air-bearing pallet were assumed to be close
to the center of gravity and these were used to sense the motion.
These can be seen in Figure A-2.
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Because of limited availability of recordln_ equipment,
only one accelerometer output could be recorded at any one time.
However, the two accelerometers mounted beneath the pallet would
allow measur_nent of both linear and rotational acceleration,
if recorded simultaneously.
Recording of the outputs from the force-measuring platform
and the accelerometers was accomplished with Brush Strain Analyzers,
Type BL-310 and a Brush Dual-Channel M_gnetic Penmotor Recorder
Type _L-222. The strain analyzers provided power, balancing,
calibration and amplification for the strain gage bridges of the
force-measuring platform and the accelerometers. The outputs of the
amplifiers were the inputs to the recorder. The recorder was operated
during all dynamic test runs at a chart speed of 5 mm/sec., providing
sufficient distance between rise and decay of the traces to carry out
analysis of the data.
The equipment used had a two-channel recording capability
with frequency range of 0 - i00 cps, which appears sufficient for
these types of experiments. Because of the inherent frequency
limitations of the recording equipment, most high frequency harmonics
are filtered without the need for additional filtering circuits.
In addition to the recording of motion information as
discussed above, motion pictures of the test subject were taken at a
framing rate of 64 frames per second. This provided information
for slow motion and frame-by-frame analysis of the motion, using
a time and motion study movie projector. The analysis of these films
A-9
is discussed in Section 3. They provided an independent source of
data for the verification of the data taken by the electronic instrumenta-
tion.
The only additional equipment consisted of precautionary safety
devices for the protection of the test subjects. The safety rig can _e
seen in Figure i. It consists of a parachute harness connected by a
heavy elastic shock cord to a large overhead ring. This ring slides
on a pipe supported from Joists above the teSt rig, providing m_,4,_1
resistance to motion. If the subject should lose his balance, he can
fall :a limited distance, with the shock cord providing gradual
deceleration. In no case can he fall far enough to i_pact on the
aluminum plate.
When the subject was in the sitting or supine positions, the
only safety equipment used was protective headgear. For these positions
the subject could not fall far enough to injure himself, so that the
parachute harness was not necessary.
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DISCUSSION OF RESULTS OF HUMAN BIOKINETICS EXPERIMENTS
Figure B-i and Figure B-2 show typical force imput curves
for the static mode. The shape of the curve shown in Figure B-i is
typical of those recorded for the stan_ing position, static mode.
Here the subject exerted a nearly constant force until Just before
release, and then attained a considerably higher peak force during
release. This peak fcrce was generally exerted as the subject
returned his body to the vertical position after leaning forward
into the task. Since the subject stood with his toes about six inches
from the plane of the force measuring platform, this was primarily
a test of arm and shoulder strength. If the subjects had been
allowed to stand further back from the platform, the measured forces
would be higher due to an increased ability to use the legs plus
the arms to perform the task.
Two pushes in rapid successicm by one subject in the supine
position are shown in Figure B-2. On the first push, there was a
slight hesitation and a sharp peak, while on the second, there was a
steady increase to the maximum force value.
Farce and acceleration traces of two subjects in the
tractionless mode, standing position, are shown in Figures B-3 and
B-4. These are typical of the traces recorded, and we will compare
them in discussing their characteristics.
The force trace in Figure B-3 resembles the Gaussian
Error Curve with grs_lual onset and decay, whereas the force trace in
Figure B-4 resembles a half-sine curve with much higher rate of onset
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FIGURE BI
STANDING POSITION-STATIC MODE
FIGURE B2
SUPINE POSITION-STATIC MODE
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FIGURE B3
STANDING POSITION-TRACTIONLESS MODE
FIGURE B4
STANDING POSITION-TRACTIONLESS MODE
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and decay. The rate of onset of the corresponding accelercmeter trace
varies directly with rate of onset of force. This difference is caused
by the preference of the subject in the manner of force application.
There were similarities noticed in comparing several curves of the same
subject, but not enough so that one subject could always be expected
to produce curves of similar shapes.
Due to the unsteady position of the subject in motion on the
air-bearing pallet, the accelerometer trace is quite erratic after the
subject breaks contact with the force measuring platform. Although the
center of mass of the subject is moving at a constant velocity, after
breaking contact, there are several factors which cause accelerometer
outputs. Vibration and body tremors cause accelercmeter excitation.
Body rotation and inclination also give rise to spurious signals.
The same is true for movement of the limbs. For these reasons we have
not made use of that part of the accelercmeter trace recorded after the
subject terminated contact with the force measuring platform.
Figure B-3 is the trace of a subject weighing 177 pounds
while the subject in Figure B-4 weighed 265 pounds. Th_s explains why
the higher peak acceleration is associated with the lower peak force.
According to the impulse-momentum theorem, the force-time integral
should equal the moving mass times the acceleration integral. This
is accurate within the limits of experimental error.
Peak acceleration lagged peak force by an average of .I second.
The range of this lag was from zero to .35 seconds. This results from
the preference of the subjects in the standing position to accelerate
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feet and lees initially with the body going into a forward leaning
position as the feet moved swiftly backward. This is followed
immediately by a coordinated whipping motion in which the head and
shoulders are accelerated Just prior to release from the platform.
This returns the bo_y to the vertical position and causes the
acceleros_ter mounted at the navel to record peak acceleration lagging
peak force.
Three tests in the supine position tractionless mode are
shown in Figures B-5, B-6 and B-7. As in all cases with the supine
position, there is a high rate of onset and decay of force with the
correslxmdlng similarity in rate of acceleration onset. The force peaks
are significantly different. The force trace in Figure B-5 has a wide
peak which gives maximum energy input for a given force level. In
contrast, _the very narrow force peak of Figure B-6 increases the peak
force recorded hut adds very little input energy. The force trace
of Figure B-7 shows a very rapid rise to peak force using primarily
heel pressure. As the subject moved away from the force measuring
platform, he switched from heel to toe contact in order to extend
force duration and increase energy input. Althoug_ there was a slight
force decrease during the transition, the total energy input was quite
h h.
The traces recorded for the supine position differed markedly
from those in the standing position concernin 8 the lag between force
an_ acceleration traces. In the supine position, the body accelerated
more nearly as a rigid mass. Thus, there was no appreciable
B-7
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FIGURE B6
SUPINE POSITION-TRACTIONLESS MODE
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lag between peak force and peak acceleration for the supine position.
To determine which parameters of the measured time histories
of force were most influential in determining the overall character of
the force pulse, the data were subjected to a Multiple Regression
Statistical Analysis. The following parameters were used:
(a) Peak Force, pounds.
(b) Force Duration, seconds.
(c) Force Onset Time, seconds.
(d) Impulse, pounds seconds.
The problem was programmed and entered into a Royal McBee ISP 30 camputer.
The hypothesis tested was that variation in onset time does not
cause variation in impulse. To arrive at a solution, the fractional
variation of each variable was compared by normalizing the regression
coefficients and showing the variance of impulse when each variable was
handled independently.
The coefficient of correlation for the standing position was
r = .70. This suggests that, within these data, 70_ of the variations
in impulse was accounted for in changes of peak force, force duration
and force onset time. Inspection of the fractional coefficients of
correlation showed that approximately 60_ of the variation shown in
impulse was due to peak force, 34_ was due to force duration and 4.7_
was due to force onset time. For the supine position, the coefficient
of correlation was r = .633 and, of this, peak force was 5_, the force
duration was 16_ and the force onset time was 3.2_. From the inter-
acting regression coefficients for peak force on force duration and
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force onset time, force duration on force onset time and each variable
on impulse; the following descriptive statements may be made:
(a) As peak force increases, impulse increases.
(b) Variation in force and omset time has little affect on
impulse variation, but as force onset time increases impulse decreases.
(c) As peak force increases, force duration decreases.
(d) As onset time increases, peak force decreases.
(e) As duration increases, onset time increases.
The aim of this test sequence was to determine the upper
limits of s_ne of the parameters governing the maneuvering of an
orbital worker while in the weightless environment of outer space.
These tests, in addition to giving us the data needed for the design
study in which we are involved, indicated scme maximum force values
which can be expected and the character of those forces. Since the
design of our experimental model was originally channelled toward
this one aim, many parameters which could have been evaluated were
not evaluated. However, for those parameters actually tested, the
results are believed to be true for man in the weightless state.
We have shown that the magnitude of the force varies
I
I
between subjects due to the manner in which the task is performed,
but the form of the force-time history varies little. With
relatively minor variations in onset and decay times and in the shape
of the peak, the force-time history approximates a half sine curve.
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APPENDIX C: STRUCTURAL _SIGN OF sI_rAATOR
I. Gimbal System
Considering the 8imbal system as a single degree of
freednm system the size, weight, and mass moments of inertia of the
arms will he determined by calculatio_ of the 8_bal stiffness required
for a _unbal structural frequency of 15 cps.
Roll Arm: Material - Alumlnum)E = 107 psi.
For unit load:
A $.
)
L (40)2 .oo7= I
= =
Fitch Arm:
A
Half Gimbal Fitch Arm
Considering the half gimbal pitch arm as a simply-supported beam f_r
deflection purposes we get:
C-I
II
W
If the half gimbal pitch arm is cut in half at the roll arm intersection
we get a quarter-gimbal pitch arm.
A
For deflection purposes this can be approximated as a cantilever beam and
therefore the deflection becomes:
W
A comparison of the deflections shows
","4 B __' = "_ _..-
or the deflection of the simple supported beam
is also true for the torsional deflection (@A) at point A.
facts we will determine the deflection for a quarter gimhal pitch arm
, This fact
Using these
I
!
!
and then reduce it by one half for a half gimbal pitch arm configuration,
C-2
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| Using the method of unit loads the rotation at point A due to a unit
I load at point P becnmes
eoG Ieo
A
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I
I * See Timoshenko, Stre_h of Materials, Chapter 7 sad Kinney,Indeterminate St{uctural Analysis, Chal_er 3-
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For a hollow square section Kpo = 12 Ipo and for
Aluminm_ G = 3.8 x 106 psi and E = 107 psi. _ = _ Ipo x 3.8 x 106 =
_o6_. 6.5__o61 :.65_i_=_G
7
6.5
Therefore OA _ec_s :
Q
! For a = 40 inches and E = 107 psi
I
_ : .0oo"1_ radians
"3--po
I
I
t@1_: .O0Ol I g 40 : .OZ.S_ inches
-J_o Tpo
For the vertical deflectio_ at point A.
_ M_s due to unit load
I
A
lV'lx = X i . ×
&
I
I
I
at point P.
I C-5
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Moments due to dummy vertical
_ unit load at point A.
J L _'eo_ E L.ol J,L _,,o_ _ ::r.,,oj
,X , o, _
o_ _-_o __°I Io 11
Since KpoG = .65 EIpo
AY --
EI,o
I
I
!
For a = 40 inches and E = 107 psi.
_A 7 = 4A(o<40) _ __ .O?.g=@
_c?Ipo "r" e o
inches
Total deflection for half gimbal pitch arm equals
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Yaw _--m:
Considering one half of curved yaw arm with varying moment
of inertia we have:
Assume I = Io sin @
W = Yaw Gimbal load
Z
By cce_uttug the strain energy of one half of the gimbal we can determine
the _efzect±on (6y) in the dlrect±oao_ the E-
2
F_bend_:
I °
S = Re dS = _de
II x = _o_e _-_ a(i-cose)w .--_-
I
I C-7
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-r_ -L
0 '/""[._,- _o-e'_4]
_vq _" - .cose 4-cos e &e
0
_:5 "z.vq
_E'Z.,t o
_._V__ _ =- _w
"3W y_/o 4 E. TL_,/o
For unit load with R = lO0 inches and E = l07 psi,
5
&z_° = Oool.l = ,o_s
4 _lJ I7o _-,/o
Total Vertical Deflection for Half-Gimbal System
S-r = % v "--o ÷ <_ Po .-,- _,t'_°
inches
l
I
l
I
I
I
I
I
I
i
I- = .Oe_-_ _- ,o_.'_S _r- .OL5
Assum_ that the equivalent mass (Me) in this single-degree-of-freedom
system is equal to twice the payload mass.
2
__ = Z_8oo = 4,\5 ibs sec
£ _ inch 1
I
I
I
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Taking values for Iro , Ipo , and Iyo, we determine correct values to
satisfy the total _ deflection equation for 15 cps.
I
I
I
I
I
I
I
For ITo : 900 :Lu4, Ipo 1860 in4 and Iyo : 1860 :I_ 4
-8
P."l00x,_O
: z3 x lo-8 + i_ x 1o.8 + 13_3 x zo-8 : 28_6 x 1o-8.
is close to the required _Tof 2700 x 10-8.
This
Arm Sizes and Wei_ts
Roll Arm : Hollow Tube
I =TYR_
I
-_- - 8.5 _c_m_.
Pitch Arm : Hollow Square Box
IoO l_.
T
i
!
I C-9
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_--4o
j/
I_ _0 °'
I-
I
I
I
I
I
= ?-I 4
x _8.¢= _
!
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Yaw Arm: Tapered Hollow Square Box
Considering the arm as a series of tapering segments, we get:
I
I
!
I
!
I
!
I
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5 °
15°
o
25
35°
45°
0
55
65°
?5°
85°
ot
S
8.2
11.8
13.9
Z5.4
16.5
17.4
17.9
18.3
18.5
A V
J
_6.4 287
23.6 413
27.8 486
30.8 539
33.0 577
3_.8 6zo
35.8 626
36.6 6ho
37.0 647
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_. = /7. l._ =L..
= V× 7--%_X_o
In
i
.0?3
.107
.139
.149
.158
.162
._o6
.z68
r 2
9950
93ho
8220
6?00
5000
3300
i788
671
?6
2
mr
726
i000
zo35
931
745
5_
291
111
13
• _: 5273.0
"t
,,.-,c.L_: s_-c.
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IArm Mass Moments of Inertia:
Roll Arm:
Z L -_iA (Pitch)
" I (yaw)
I
--c (Roll)
I
I
@ ,
I
Weight = i00 ibs
2L = 40 inches
R = 8.3 inches
t = 1/2 inch
M = .259 ib sec2/inch
r = R - t = 7.8 inches
I
I
I
!
m
_&.@ __. %_.%c_
YAIA = ,_:_ ---- _-_ _" iv% L.
I
i
I
I
I
I
I
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"_-'yA,,v= [S'p,,._ = _.5
I Pitch Arm:
"L.
x 0
I , _- _'_-:-_----,___
I
I
I _ _ A_
i m = mass/inch of length ' (out of the plane of the paper)
I
i
!
!
a b
0 o
p 40 4o_
I -- ,_rG41oO0 + 7.1 _,Z, -i.-teO 0oo _-6_ooO I
I L
!
i c-15
!L "]_.5. _ X _0
I
I
I
I
Considering the arm as a structure of thin rods.
O- ® s
(D ® " _6
]-=7
® ®
"7. "1.(s_.s_(,_o-9= Tx,5_,8 _ -__ 7__o __ _.V,.l6 s_._,
I
I
I
I
"L. "1_
4
t
I
I
I
I
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II. Bridge Crane and Dolly Telescoping Arm
I Consider the telescoping arm as a tapered cantilever
beam. We assume that mass of the tube is large c_m_ared to payload
I plus g_! system, so that we can neglect the latter mass. We
then approximate the telescoping, square cross-sectlon structure
by the following single, tapered elemenn_tt:I ....
I _ 'Y _ _ J"'-__
I
I
l
We assume that this element is cantilevered from the en_ x = O. (The
walls of the structure are assumed to be of constant thickness t).
The cross section area at any station x from the cls_
end is given by:
The moment of inertia of the same cross sectic_ about either the z axis
or the y axis is approximately
c-l"i'
IWe will compute the fundamental bending frequency by applying the Rayleigh-
Ritz method (see pp 376-381, '_ibraticn Prcblems in Engineering," S.
Timoshenko, 2nd Edition).
In this method, we assume that the transverse dis-
I
I
I
placement cf the beam is given at any instant of time by
where XCX) is a shape function which satisfied the boundary conditions.
The boundary conditions are:
I _-o I,,_,=o ,)v_ o (4)3x- I
In our problem, E is a constant at I is a function of x , so, the
(5)
second of (5) becomes
.__721 _)×-----_+ _x c)×_J
So Z(_.,)must then satisfy the conditions
l
z,o)=x,(o)=o !
z "y2_=z "(Z} =o
-0 (5a)
(6)
Let
I
I
I
I
I
I
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This satisfies the first two conditlcms (6) for any values of the
constants an. We have two more conditions to apply, an_ wish to be
I
left with one arbitrary constant. A three-te_ polynomial is then
adequate, so that we can let a5 = a6 = 0 or,
(7a)
I The secon_ two conditions(6) give
--0
!
I These yield.
l
I
I
I SO
(6a)
(8)
0-19
I(Note that this form for_'allows us to satisfy the boundary conditions
regardless of the variation of I(x) with x).
The form (8) can be used as a single term expression
for the deflection curve in the Rayleigh-Ritz method. Multiplication
of (8) by x to any integral power still allows satisfaction of the boundary
conditions (6), so additional terms in a series for the deflection curve
can easily be generated.
For the one term approximation, our fundamental
frequency can be obtained from*
d_
• . , . .
whereg is mass density of beam material.
Frequency is
F= a)
Zr/"
(9)
(lO)
functions :
Our beam is then defined by the following
* Timoshenko, I_ibration Problems !in Engineering," P 377.
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3
I
i Fr_ equati_ 9 we get:
I P_ [_'°_
I
I
I C-21
IFrom (10)
I
Solving this equation for a"glven length Of the arm (1440 inches•and 720 ......
inches) by a random selection of values for a and b, we obtained the
beam size required for the design frequencies of 15 and lO cps. For
results see table below and table 6 of the report.
a(in)
i00
140
200
260
b(in)
4o
4o
20
20
f (_= 144o")cps
2.8
4.5
8.4
Ii. 1
f (L = 720"),cps
ii .4
18.0
33.6
44.4
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I
Weight of Telescoping Am
l " t = 6" (assumed)
l -_ _ = "z z_h"3
: veight reducti_ factor
for truss construction =
I .I0
l
!
_/' =" _
I
l
Z. = 720/Ncf/_,Y
| :P=/o
×./o:/_f_'o/b_.
g
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IIII. Bridge Crane and Dolly Cross Span
For symmetric bending of the cross span the gimbal
and telescoping arm can be considered as a rigid mass (MG + _A ).
I
I
I
L I
I
I
_(>AN I
' " I '
This is equivalent to
!
-_r_ _,-j I
,
!
The beam motion with displacement y is described by
C-24
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Where E1 is section modulus, _ is the mean density of the beam, and
A is effective cross section area. The solution of thi_ equation is :
Y =Z Y_(_) s._, uJ,,.,_
-t- E),.a ¢o_b-, _<,_x m_cl
4 x.
R.I.
I The vibration frequency for the n th mode is
I _c: _ : K2\_/E- : _ 1/_=,.
_ _T_......V 7 A i--_-V _" (2)
I
I
I
I
I
I
I
I
I
where m : mass of the tmmn.
The frequency number _ =_L must be determined fram the boundary
con_itionsj which are
a'P X =0 _ y =0
"X.
___._X.__- 0
_-×: L_.. _ -0
_/ _-- EI
Substituting these boundary conditions in the equation of beam moti_
(1) and manipulating the resulting equations, we obtain the frequency
equation:
(_)
0-25
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Using this equation with the masses of the telescoping arm determined
in Section II and assuming ratios for the mass of the beam with regard I
to the supported mass
900 inches.
was calculated for beam lengths of 1200 and
Then using -- |
i_ "i Im Y
._ Or' I
_.-_- v.'_- - _LL L: J
we can determine the beamsection properties.
follows:
Design Conditions: f = 15 cps
Telescoping Arm - weight = 12,960 Ibs
A typical calculation
I
I
I
length = 720 inches
Gimbal System weight = 4,000 ibs
Cross Span weight = 2 ( telescoping arm weight ÷ glmbal weight)
length = 900 inches
E
I
I
= 107 psi (Aluminum) I
C-26
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B
i
I
I
I
I
The first root _,, obtained by trial an_ error, is _W_l = 2.63.
Now from equation (4) we get
4
I _'_ _ _._es. ,
Using dumbell cross section model we get
/k = X._x_o
z._5 × tO 4
_,-),_ = ,so ,__
0 5 _,,_..L,t_ .
The weight of the beam is determined by
K = 1.5 Weight factor for shear
_/- ZALj)_ mrs in re.ira.
_4 = ___ tosx_oox.IX_.S -- Z8.4oo L_$.
agrees closely with the ass_mel weight of the beam 28,400
ibsvs. z (16,960)= 33,9_ ibs.
The other values of cross span size and.weight given in Table 6 were
determined in a similar manner.
C-27
1
l
l
AIRCRAFT ARMAMENTS. Inc.
IV. Gantry Crane Cross Span
The analysis of the Gantry Crane Cross Span was
conducted based on symmetric bending of a simply-supported beam.
governing frequency equation was derived in Section Ill of this
appendix and was found to be:
l
1
I
(1)
The
For the Gantry Crane System, there is no telescopiug arm so
_A = 0 in the above equation. This equation vas solved for
in the manner described in Section III for a _ weight of
6000 pounds and cross span lengths of 1200 and 900 inches. Then
l uslng
| _ ÷, u4_'rr _ (2)
the beam section properties were determined. A typical calculatic_
I
I
I
I
I
I
follows :
Design Conditions: f = 15 cps
Gi_l Systea - weight = 6000 ibs
_s s_n - ',,',:l.i_t -- 5 (_..,ee,, ',,,e:_,)
length = 1200 inches
Uslng m= 5MG equation (i) bec_aes
c-z9
Ii
+2.0 = C)
The first root _l}°btained by trial and error, is _k i _ 2.89
I
I
I
Using equation (2) we get
Z (z,_9__ _o1
Using dumbell cross section model we get
4
= \.q\ X 10 _,_,_V,_.
i
i
i
The weight of the beam equals
'MJ= Z _, L._ K.
= 2.x 8_ x, _zoo x, _ ,/, \.S =
The other values of cross span size and weight found in Table 7 were
determined in a similar manner.
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V. Gantry Crane Vertical and Cantilever Trusses
Triangular Trusses :
Consideri_ the vertical trusses to be of the
triangular type shown in Figure 31, determine the natural frequency
of the truss when subjected to a load P due to maximum vertlcal
movement of the cross span
!
' I 1
!
i Analysis: the deflection is determined by the conjugate beam method.
..........z a ..... <_ -
Real Beam A
!
Diagram on iC.
I "=C°nJugate VI_I
I
I
c-N.
!
I!
The moment on the conjugate beam yields the deflection on the real I
beam. I
The shear (V) at pin (B) is determined from the conjugate load on "
section AB. I
F (x) = moment P_ I
v I
_pr ax \._ -,-... ,,!
, _ X ' _ J ' ' I
__ _ |
Assuming _I_ (×) ----iO(@) and _&X) = _a(_) and taking
moments about point A, I
?.o Z_ I
0
Solving I
,_'_'
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I Solving
I _I0
- ET..o
%__ se.-"
I E _o
I For 3a = 1200 inches or a = 400 inches p = 1 lb
%c = %,,_l _(4 o_,)_ _ _9.z..
I to_ _-ro - _o
_a where K is the spring constant of the beamI _=-<-.",s._
E : 107 psi (Alum.)
I
I
For a typical calculation let us consider a design f = lO cps for
an overall system configuration of lO0 feet by lO0 feet. Using a
one degree of freedom system with a mass (m) equal to one half the
I
I
I
mass of the cross span and glmbal the natural frequency of the truss
was determined. Selection of the system mass as equal to one half of
the cross span and gimbal mass was based on the fact that there are
two vertical trusses each one carrying one half of the total mass °
I C-33
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No allowance was made in the mass of the system for the truss mass°
A cross span with fl = i0 cps has a weight of 20,500 ibs. (See Table 7)° I
Therefore m equals:
,__ _o_oo+_ooo _ _ ___/,_ I
I
I
K. __4e_ _ Z___,._
-- 19._ I
"1-
_, ,_ I
= ?..58 x, ta _"__ .
° I
Using dumbell cross section model
z. ._6 'l.,/:k = ,_,l_X.I = 17.._ _al,.,,e__
The weight of the truss equals
it
_._, _oo I1_. I
I
co_ I
I
B
I
,I
I
l
l
I
I
I
I
I
I
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The other values of weight and size for triangular trusses founR in
Table 7 were determined in a similar manner.
Cantilever Trusses :
Considering the trusses to be of a taperel cantilever
type as shown in Figure 32, determine the natural frequency of the
truss when subjected to a los_ P due to _ vertical travel of
the cross span.
Assume
" I _I
I
f
r
//j re!
The deflection caused by a unit load at the top becomes
0 0
6
I
i c-35
For a typical calculation let us consider a design for f = i0 cps for an
overall system configuration of i00 feet by i00 feet. Using a one-degree
of freedom system with a mass (m) equal to one half the mass of the cross
span and gimbal the natural frequency of the truss was determined. Selection
of the system mass as equal to one half of cross span and gimbal mass was
based on the fact that there are two vertical trusses, each carrying one
half of the total mass. No allowance was made in the mass of the system
for the truss mass.
For cross span of i00 feet and fl = i0 cps the weight = 20,500 lbs (See
Table 7). Therefore m equals:
I
I
I
I
I
I
I
_°°°°_°°° _/, I= = 34.-5 t_ _. _¢.._.
F-o_ L-_ 1_.r_o
(_ % o o 3S
o = _'%3Y"
' I
L •
=° I
I"%3
7-. %"(_o) × ,_-rr 4
I
I
I
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Using dumbell cross section model _e get
i_ K6
For d = 600 inches
4@.4 _ _0 G
A _ ..............(4oo) TM
The weight of the beam equals
(K = i.5, shear member weight factor for truss)
v,,/= 4"I _5oo l_..
I
The other values of weight and size of cantilever trusses found in
Table 7 were determined in a similar manner.
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